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Introduction 


During  Year  2  an  experimental  article  previously  submitted  was  completed  and 
extensively  revised  for  its  ulterior  recent  publication  (P-1),  describing  the  time  course  of 
histological  and  functional  changes  affecting  the  penile  corpora  cavernosa  after  bilateral 
cavernosal  nerve  resection  (BCNR)  in  the  rat,  as  an  experimental  model  for  erectile  dysfunction 
subsequent  to  radical  prostatectomy  for  prostate  cancer.  This  condition  seriously  affects  the 
quality  of  life  of  a  large  fraction  of  male  patients  undergoing  this  operation  and  their  partners. 
Therefore,  studying  the  mechanism  that  triggers  it  and  trying  to  develop  a  pharmacological 
therapy  aiming  to  cure  this  type  of  erectile  dysfunction,  have  considerable  public  health 
significance. 

In  addition,  the  completion  of  Aim  1  was  considerably  advanced  by  conducting 
treatments  related  to  Experiment  3,  to  demonstrate  the  effects  of  a  long-term  administration  of  a 
dose  of  a  PDE5  inhibitor  (in  this  case  sildenafil)  at  one  half  the  dosis  previously  reported  by  us 
(P-2)  from  the  results  of  Experiment  2  during  Year  1,  as  a  preventive  approach  for  CVOD  and 
corporal  fibrosis.  A  similar  approach  was  based  on  the  use  of  a  nitric  oxide  donor,  molsidomine, 
related  to  Experiment  2. 

Rat  models  related  to  BCNR  were  applied  to  establish  the  similarities  and  differences 
between  acute  (BCNR)  and  chronic  (diabetes)  damage  to  the  penile  corpora  cavernosa,  with 
the  common  goal  of  preventing  CVOD  and  the  underlying  histopathology.  All  the  pending  animal 
treatments  in  the  BCNR  model  that  include  lower  doses  and  a  different  form  of  oral 
administration  are  ongoing,  as  well  as  a  treatment  for  reversing  the  CVOD  once  established,  for 
experiments  2  and  3.  This  will  continue  and  be  finalized  during  Year  3.  The  Year  2  results  led  to 
the  publication  of  two  additional  papers  as  invited  reviews  (P5-P6),  making  a  total  of  six  related 
publications  and  eight  communications  to  scientific  meetings  since  this  grant  started. 

Description  of  research  accomplishments 

A.  For  Aim  1 

Experiment  1.  The  paper  that  was  submitted  was  finally  accepted  (P-1)  after  a  revision 
that  differs  somewhat  from  the  original  manuscript,  as  stated  below. 

Summary  of  paper  1  (P-1).  Fibrosis  and  loss  of  smooth  muscle  in  the  corpora 
cavernosa  precede  corporal  veno-occlusive  dysfunction  (CVOD)  induced  by 
experimental  cavernosal  nerve  damage  in  the  rat. 

This  is  an  extensively  revised  version  of  the  previously  submitted  paper,  including  new 
results,  which  is  now  published 

Introduction.  Corporal  veno-occlusive  dysfunction  (CVOD),  which  usually  is  associated 
with  a  loss  of  smooth  muscle  cells  (SMC)  and  an  increase  in  fibrosis  within  the  corpora 
cavernosa,  can  be  experimentally  induced  by  an  injury  to  the  cavernosal  nerves.  The  corporal 
tissue  then  expresses  inducible  nitric  oxide  synthase  (iNOS),  presumably  as  an  anti-fibrotic  and 
SMC-protective  response. 

Aims:  We  studied  the  temporal  relationship  in  the  corpora  between  the  expression  of 
iNOS,  other  histological  and  biochemical  changes,  and  the  development  of  CVOD,  after  bilateral 
cavernosal  nerve  resection  (BCNR)  in  the  rat. 

Methods  and  main  outcome  measures.  Rats  underwent  either  BCNR  or  a  sham 
operation.  Cavernosometry  was  performed  1,  3,  7,  15,  30,  and  45  days  (n=8/group)  after 
surgery.  Penile  tissue  sections  were  subjected  to  Masson  trichrome  staining  for  SMC  and 


2 


Principal  Investigator:  Gonzalez-Cadavid,  Nestor  F. 


collagen,  and  immunodetection  for  alpha  smooth  muscle  actin  (ASMA)  as  SMC  marker,  iNOS, 
neuronal  NOS  (nNOS),  endothelial  NOS  (eNOS),  proliferating  cell  nuclear  antigen  (PCNA)  for 
cell  proliferation,  and  TUNEL  for  apoptosis,  followed  by  QIA.  Quantitative  western  blot 
measured  some  of  these  markers  in  homogenates 

Results.  Following  BCNR,  CVOD  was  detectable  30  days  later  and  it  became  more 
pronounced  by  45  days.  In  contrast,  the  SMC/collagen  ratio  in  the  BCNR  corpora  was  reduced 
at  7  days  and  bottomed  at  30  and  45  days,  due  in  part  to  the  reduction  of  SMC,  presumably 
caused  by  an  increase  in  apoptosis  peaking  at  3  days  but  remaining  high  thereafter.  Cell 
proliferation  also  peaked  at  3  days  but  then  decayed.  nNOS  was  reduced  early  (3-7  days)  and 
disappeared  at  30  days,  whereas  eNOS  was  not  affected.  iNOS  was  induced  at  day  3,  and 
steadily  increased  to  high  levels  peaking  at  30  days. 

Conclusions.  CVOD  develops  in  the  BCNR  rat  as  a  result  of  the  early  loss  of  corporal 
SMC  by  the  neuropraxia-induced  apoptosis,  which  the  initial  cell  replication  response  cannot 
counteract,  followed  by  fibrosis.  The  time  course  of  iNOS  induction  supports  the  antifibrotic  role 
of  iNOS. 


In  our  timetable  of  work,  we  had  projected  that  during  Year  2  we  would  carry  out 
Experiment  2  within  Aim  1 .  According  to  the  SOW,  this  experiment  was  described  as  follows: 

Experiment  2.  Effects  of  continuous  oral  administration  of  PDE5  inhibitors  or  NO 
generators  on  CVOD  and  the  underlying  corporal  fibrosis,  at  a  selected  time  after  BCNR. 

The  aim  is  to  investigate  whether  the  BCNR-induced  corporal  fibrosis  can  be  prevented  at 
longer  periods  by  either  long-term  continuous  treatment  with  PDE5  inhibitors  or  a  NO 
generators. 

Rat  groups  will  be  injected  as  in  Exp  1  and  treated  for  90  days  with: 

1)  Vardenafil,  in  the  drinking  water 

2)  Molsidomine,  in  the  drinking  water 

3)  Vardenafil  and  molsidomine  given  together  in  the  drinking  water 

In  year  1  we  had  used  another  PDE5  inhibitor,  sildenafil,  instead  of  vardenafil,  since  we  had 
completed  the  vardenafil  study.  Based  on  our  papers  P-2-4  previously  reported,  we  decided  to 
modify  the  treatments  above  by  continuing  the  study  with  sildenafil,  because  of  its  easier 
availability  and  solubility  in  the  following  way: 


1)  Sildenafil,  in  the  drinking  water  at  10  mg/kg/day  at  half  of  the  dose  previously  reported 
equivalent  roughly  to  a  100  mg  daily  dose  for  men  (considering  surface  differences  for  humans 
and  rats) 


Figure  1.  Long-term  molsidomine  improves  cell  proliferation 
in  the  corpora  cavernosa  of  a  transgenic  mouse  where  iNOS 
expression  is  genetically  blocked.  Diabetic  iNOS  ko  mice  were 
treated  for  45  days.  Cell  proliferation  was  measured  by 
immunohistochemistry  and  QIA  for  PCNA 


2)  Molsidomine,  given 

intraperitoneally  daily  (5mg/kg/day),  IQ- 
20  fold  lower  than  maximal  doses  in  the 
literature. 

3)  Sildenafil  and  molsidomine  given 
together  as  in  1 )  and  2) 

These  treatments  in  the  BCNR  are 
ongoing  (n=8/group)  and  the  results  will 
be  reported  in  Year  1. 

Before  starting  the  BCNR 
treatments  we  proceeded  to  test  these 
interventions  in  two  other  rodent  models 
with  corporal  veno-occlusive 
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dysfunction  (CVOD)  and  underlying  fibrotic  histopathology,  similar  to  the  conditions  caused 
acutely  by  cavernosal  nerve  damage,  but  elicited  by  the  chronic  insult  of  hyperglycemia  in 
diabetes. 

The  first  model  is  the  streptozotocin-induced  type  1  diabetes  in  a  transgenic  mouse 
model  where  induction  of  inducible  nitric  oxide  synthase  (iNOS)  is  genetically  blocked,  the  iNOS 

ko  mouse.  This  is  important  since  in  paper 
P-1  we  observed  a  considerable  iNOS 
induction  in  the  BCNR  rat  model,  and  we 
then  aimed  to  ascertain  what  the  role  of 
iNOS  is  in  the  putative  prevention  of  penile 
fibrosis,  in  this  case  induced  by  diabetes. 
This  protective  role  of  iNOS  in  the  penile 
corpora  cavernosa  of  the  diabetic  iNOSko 
mouse  (Abstract  A-2)  was  confirmed, 
supporting  the  importance  of  iNOS 
spontaneous  induction  in  defending  this 
tissue  from  the  fibrotic  effects  of 
endogenous  or  iatrogenic  insults. 

These  diabetic  mice  were  treated 
then  for  45  days  with  molsidomine,  but  in 
this  case  not  with  the  other  arms  planned 
for  Experiment  1  (Abstract  A-3  and 
Preliminary  results).  Fig.  1  shows  that  molsidomine  improved  cell  replication  in  the  penile 
corpora  cavernosa  determined  by  proliferating  cell  nuclear  antigen  (PCNA).  The  same 
beneficial  effects  were  observed  on  oxidative  stress,  as  measured  by  a  key  enzyme,  xanthine 
oxidoreductase  (XOR)  (Fig.  2).  In  contrast,  allopurinol,  an  antioxidant  targeting  XOR  activity, 
and  decorin,  that  binds  the  profibrotic  factor  transforming  growth  factor  pi  (TGFpi),  did  not 
affect,  or  reduced,  respectively,  cell  replication.  Both  agents  did  decrease  oxidative  stress,  as 
expected  (Figs.  1  and  2). 

Summary  of  Abstract  2  (A-2).  Genetic  blockade  of  inducible  nitric  oxide  synthase 
(iNOS)  intensifies  the  development  of  fibrosis  in  a  mouse  model  of  diabetes  type  1 

Objectives:  The  spontaneous  induction  of  iNOS  has  been  proposed  to  act  as  an 
endogenous  antifibrotic  mechanism  in  penile  tissues.  The  purpose  of  this  study  was  to 
determine  whether  the  genetic  blockade  of  the  iNOS  expression  in  the  iNOS  knock  out 
(iNOSko)  mouse  model  intensifies  fibrosis  in  the  penile  corpora  cavernosa,  and  whether  this  is 
exacerbated  by  type  1  diabetes  induced  by  streptozotocin  and  counteracted  by  insulin. 

Methods:  Eight  weeks  old  male  iNOSko  and  wild  type  (WT)  mice  were  untreated  or 
injected  intraperitoneally  with  150  mg/kg  B.W  streptozotocin  (STZ),  with  or  without  insulin  (0.05 
lU/kg  B.W  daily).  Insulin  treatment  started  after  the  animals  showed  a  glycemic  value  of  200 
mg/dl  or  higher.  After  7  weeks  of  treatment,  control  and  treated  mice  were  subjected  to  a  fasting 
glucose  tolerance  with  1g  bolus  of  glucose.  At  8  weeks  of  treatment  mice  were  sacrificed,  body 
weights  obtained,  glycemia,  glucosuria,  nitrates  and  proteinuria  were  measured.  Oxidative 
stress  was  measured  by  determining  the  GSH/GSSG  in  whole  blood.  Paraffin-embedded  penile 
sections  were  subjected  to  Masson  trichrome  staining  for  smooth  muscle  cells  (SMC)/collagen 
ratio,  a-smooth  muscle  actin  (ASMA)  immunostaining  as  a  marker  of  SMC  content,  TUNEL 
assay  for  apoptosis,  PCNA  immunohistochemistry  as  a  marker  of  cell  replication,  and  TGFpi  as 
main  profibrotic  factor. 

Results  Body  weights  were  reduced  by  STZ  treatment.  Glycemia,  glucosuria,  or 
proteinuria,  were  evident  in  most  of  the  diabetic  mice.  Oxidative  stress  was  exacerbated  in 


Figure  2.  Long-term  olsidomine  improves  oxidative 
stress  in  the  corpora  cavernosa  of  a  transgenic  mouse 
where  iNOS  expression  is  genetically  blocked.  Diabetic 
iNOS  ko  mice  were  treated  for  45  days.  Oxidative  stress  was 
measured  by  immunohistochemistry  and  QIA  for  XOR 


4 


Principal  Investigator:  Gonzalez-Cadavid,  Nestor  F. 


diabetic  animals  and  reduced  by  insulin  treatment.  iNOS  ko  mice  exhibited  more  oxidative 
stress  than  WT.  The  corporal  SMC/collagen  ratio  and  the  SMC  content  were  reduced  as 
expected  in  the  iNOS  ko  mice  as  compared  to  the  WT  mice.  STZ-induced  diabetes  led  to  further 
reduction,  that  was  completely  prevented  by  insulin  in  the  WT  mice  but  only  partially  in  the  iNOS 
ko  mice.  STZ-induced  diabetes  increased  corporal  apoptosis  and  reduced  corporal  cell 
replication  in  the  WT  but  not  in  the  iNOS  ko  mice,  and  insulin  normalized  cell  proliferation  but 
not  cell  death. 

Conclusion:  The  antifibrotic  role  of  iNOS  in  the  penile  corpora  cavernosa  was  confirmed 
in  the  iNOS  ko/STZ  mouse  model.  Insulin  prevented  these  changes  in  the  WT  diabetic  mice  but 
could  not  correct  the  decreases  induced  by  the  iNOS  genetic  deletion.  This  supports  the 
importance  of  iNOS  spontaneous  induction  in  protecting  the  penile  corpora  cavernosa  from  the 
fibrotic  effects  of  hyperglycemia. 

Summary  of  abstract  3  (A-3).  Antifibrotic  and  antioxidant  therapies  prevent  the 
development  of  fibrosis  in  the  penile  corpora  cavernosa  associated  with  type  1  diabetes 
in  the  iNOS  knock  out  mouse. 

Objetives:  The  development  of  penile  fibrosis  in  diabetes  is  associated  with  an  increase 
in  oxidative  stress  and  TGFpi.  As  a  consequence,  a  putative  compensatory  induction  of 
inducible  nitric  oxide  synthase  (iNOS)  causes  a  sustained  output  of  nitric  oxide  (NO)  which  may 
act  as  an  endogenous  antifibrotic  agent  by  quenching  oxidative  stress  and  reducing  TGFpi. 
The  purpose  of  this  work  is  to  determine  whether,  in  the  absence  of  iNOS,  a  long-term 
treatment  with  an  antioxidant  or  a  TGFp  blocker  prevents  fibrosis  of  the  corpora  cavernosa  in 
the  diabetic  iNOS  knock  out  (iNOSko)  mouse  model. 

Methods:  Eight  weeks  old  male  iNOSko  were  made  diabetic  by  injecting 
intraperitoneally  (IP)  with  150  mg/Kg  B.W  streptozotocin  (n=8/group)  and  were  either  left 
untreated  or  treated  with  oral  allopurinol  (40  mg/kg/day,  in  the  water)  as  an  antioxidant,  or 
decorin  (50  ug,  IP,  twice),  as  an  anti-TGFpi  agent.  At  8  weeks,  blood  was  extracted  for 
measuring  glycemia  and  reactive  oxygen  species  (ROS)  by  the  GSH/GSSG  ratio.  Urine  was 
collected  for  qualitative  estimations  of  glucosuria,  ketonuria,  and  proteinuria.  Mice  were  then 
sacrificed,  body  weights  obtained,  and  paraffin-embedded  tissue  sections  from  the  skin- 
denuded  penile  shaft  were  subjected  to  Masson  trichrome  staining  for  the  SMC/collagen  ratio, 
and  immunostaining  for  SMC  content  by  a-smmooth  muscle  actin  (ASMA),  and  apoptosis  by 
TUNEL,  cell  replication  by  PCNA,  and  for  the  pro-fibrotic  factor  TGFpi,  followed  by  quantitative 
image  analysis. 

Results.  Body  weights  and  hyperglycemia  were  not  affected  by  allopurinol  or  decorin 
compared  to  the  untreated  diabetic  iNOSko.  Glucosuria,  ketonuria,  and  proteinuria,  were  not 
affected  by  any  treatment.  In  contrast,  systemic  ROS  were  reduced  by  allopurinol,  but  not 
affected  by  decorin.  The  corporal  SMC/collagen  ratio  and  the  SMC  content  were  increased  by 
decorin,  despite  a  decrease  in  cell  replication,  but  allopurinol  only  increased  SMC  content. 

Conclusions.  In  the  absence  of  iNOS,  long-term  treatment  with  decorin  reduced 
diabetes-related  SMC  loss  and  fibrosis  in  the  corpora  cavernosa  probably  by  interfering  with 
TGFpi  signaling,  but  not  with  oxidative  stress.  In  contrast,  allopurinol  reduced  SMC  loss  by 
reducing  oxidative  stress  probably  through  xanthine  oxido  reductase  inhibition.  This  indicates 
that  even  in  the  absence  of  iNOS,  a  putative  antifibrotic  agent,  inhibiting  oxidative  stress  or 
TGFpi  activity  is  effective  to  ameliorate  corporal  fibrosis  in  diabetes. 


We  also  conducted  additional  preliminary  studies  with  molsidomine  and  allopurinol,  and 
also  with  sildenafil  as  PDE5  inhibitor,  and  L-NIL  as  iNOS  inhibitor  on  a  second  rat  model,  prior 
to  the  ongoing  experiment  in  the  BCNR  rat.  This  is  the  ZDF  fa/fa  rat,  a  model  of  type  2  diabetes, 
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where  a  very  high  hyperglycemia  was  expected  to  lead  to  CVOD  and  corpora  cavernosal 
fibrosis,  similar  to  the  conditions  we  found  in  the  BCNR  rat.  The  results  presented  on  Abstract 
A-4  indicates  that  this  was  not  the  case,  since  these  rats  did  not  virtually  undergo  CVOD  or 
corporal  fibrosis,  despite  this  was  present,  as  in  the  BCNR  model,  in  the  less  hyperglycemic  but 
morbidly  obese  Zucker  fa/fa  rat.  One  of  the  factors  that  appeared  to  counteract  CVOD  in  the 
ZDF  fa/fa  rat  was  a  considerable  iNOS  and  nNOS  levels. 

Treatment  for  2  months  with  the  inhibitor  of  iNOS  activity  L-NIL  reduced  also  iNOS 
expression  (Fig.  3),  but  surprisingly  the  resistance  of  this  strain  to  CVOD  despite  the  long-term 
and  intense  hyperglycemia,  was  not  overcome  by  iNOS  inhibition,  that  in  other  conditions 
exacerbate  fibrosis  in  the  penis,  so  that  the  results  for  the  moment  are  difficult  to  interpret.  L-NIL 
did  not  affect  cell  replication  in  the  corpora  cavernosa  as  measured  by  PCNA,  presumably  in  the 

smooth  muscle  (Fig.  4).  Molsidomine  did  not 
affect  iNOS  expression  and  increased  non- 


Figure  3.  Long-term  sildenafil,  but  not 
molsidomine,  reduce  iNOS  expression  in  the 
corpora  cavernosa  of  a  rat  model  of  type  2 
diabetes  with  considerable  hyperglycemia  but  no 
obesity.  Diabetic  iNOS  ko  mice  were  treated  for  45 
days.  Cell  proliferation  was  measured  by 
immunohistochemistry  and  QIA  for  PCNA 


Figure  4.  Molsidomine  and  sildenafil  improve  cell 
proliferation  in  the  corpora  cavernosa  of  a 
transgenic  mouse  where  iNOS  expression  is 
genetically  blocked.  Diabetic  iNOS  ko  mice  were 
treated  for  45  days.  Cell  proliferation  was  measured  by 
immunohistochemistry  and  CIA  for  PCNA 


significantly  cell  proliferation  (Figs.  3  and  4). 
Sildenafil,  also  as  expected,  did  increase  cell  replication,  but  reduced  iNOS  expression. 
Allopurinol  also  increased  cell  replication  and  did  not  affect  iNOS  expression. 

These  results  will  make  simpler  the  interpretation  of  the  new  data  with  the  BCNR,  and 
have  been  integrated  in  the  form  of  an  invited  review  (P-5;  A-5-7)  on  the  comparison  between 
the  degree  of  CVOD  and  penile  fibrosis  in  animal  models  of  acute  erectile  dysfunction  after 
cavernosal  nerve  damage  during  radical  prostatectomy,  and  more  chronic  conditions  such  as 
diabetes.  They  were  also  used  to  extend  the  conclusions  to  another  form  of  penile  fibrosis, 
frequently  associated  with  erectile  dysfunction  (P-6,  A-8). 


Summary  of  abstract  4  (A-4).  Severe  hyperglycemia,  renal  damage,  and  low  serum 
testosterone  are  insufficient  in  the  absence  of  obesity  to  cause  corporal  veno-occlusive 
dysfunction  (CVOD)  in  a  rat  model  of  type  2  diabetes. 

Objective  We  have  shown  that  CVOD  and  a  moderate  corporal  fibrosis  occur  in  the 
obese  Zucker  fa/fa  rat  (OZR),  an  animal  model  of  morbid  obesity,  and  type  2  diabetes  with  mild 
hyperglycemia.  We  also  reported  that  both  the  OZR  and  a  related  strain  with  severe 
hyperglycemia,  low  serum  testosterone,  and  no  obesity,  the  Zucker  diabetic  fatty  fa/fa  rat 
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(ZDFR),  develop  a  nephropathy  with  tubulointerstitial  fibrosis.  We  determined  whether  these 
conditions  are  associated  in  the  ZDFR  with  a  more  severe  CVOD,  corporal  fibrosis,  and  iNOS 
induction  as  an  antifibrotic  mechanism,  and  whether  these  processes  are  exacerbated  by  iNOS 
inhibition. 

Methods  Male  6-month  old  ZDFR  were  maintained  for  2  months  (n=8/group)  as  follows: 
1)  no  treatment;  2)  L-NIL  (inhibitor  of  iNOS  activity)  in  the  drinking  water  (1  mg/kg/day).  Lean 
Zucker  rats  (LZR)  were  controls.  Body  weights  and  glycemia  were  determined  weekly,  and 
urine  diabetes  markers  and  serum  T  at  completion.  After  dynamic  infusion  cavernosometry, 
penile  shaft  tissues  were  either  frozen,  or  paraffin-embedded  and  sectioned  for  staining  and 
quantitative  image  analysis  for  Masson  trichrome  (smooth  muscle  cell  (SMC)/collagen  ratio)  and 
Oil  red  O  (fat),  and  immuno-staining  for  iNOS,  ASMA,  iNOS,  TUNEL  (apoptosis),  PCNA  (cell 
replication),  TGFpi,  and  nNOS.  Hydroxyproline  in  tissue  hydrolyzates  measured  total  collagen. 

Results  Body  weights  in  the  8-month  old  diabetic  ZDFR  were  similar  to  the  LZR 
controls,  and  half  of  those  in  the  OZR,  but  glycemia  was  541  mg/dl  (versus  244  mg/dl  in  the 
OZR)  and  serum  T  was  <0.5  ng/ml  in  both  strains,  with  glucosuria,  and  proteinuria.  However, 
the  CVOD  seen  in  the  OZR  was  absent  in  the  ZDFR,  and  this  strain  had  2-fold  higher 
SMC/collagen  ratio,  higher  iNOS  and  nNOS  content,  and  lower  apoptosis  than  the  OZR  or  LZR, 
with  nearly  normal  ASMA  content.  The  cavernosal  SMC  in  the  ZDFR  was  abundant  and  less 
compact  (net-like),  with  no  fatty  infiltration  seen  in  the  OZR.  No  CVOD  was  induced  by  L-NIL, 
despite  the  2-fold  drop  in  the  SMC/collagen  ratio  and  iNOS  expression. 

Conclusions  The  absence  of  morbid  obesity  and  fatty  infiltration  in  the  corpora, 
combined  with  a  high  SMC/collagen  ratio,  a  peculiar  SMC  arrangement,  and  considerable  iNOS 
and  nNOS  levels,  oppose  in  the  ZDFR  the  deleterious  effects  of  severe  hyperglycemia,  renal 
dysfunction,  and  low  serum  testosterone  on  corporal  tissue,  and  prevent  CVOD.  This  resistance 
is  not  overcome  by  iNOS  inhibition,  that  in  other  conditions  exacerbate  fibrosis  in  the  penis. 

Summary  of  paper  6  (P-6)  and  abstracts  5-7  (A-5-A-7).  Mechanisms  of  penile 
fibrosis 

Introduction.  Penile  fibrosis  has  been  conceptually  identified  with  the  plaque  tissue  that 
develops  in  the  tunica  albuginea  in  Peyronie’s  disease  (PD),  or  with  other  localized  processes 
induced  in  the  corpora  cavernosa  by  ischemic  or  traumatic  events.  Recently,  it  has  recently 
been  proposed  that  a  diffuse,  progressive,  and  milder  intracorporal  fibrosis,  that  affects  also  the 
media  of  the  penile  arteries,  is  responsible  for  vasculogenic  erectile  dysfunction  (ED)  associated 
with  aging,  smoking,  diabetes,  hypertension,  and  post-radical  prostatectomy.  These  processes 
differ  in  etiology,  time  course,  target  cells,  and  treatment,  but  have  many  features  in  common. 

Aim.  To  review  the  literature  pertaining  to  fibrosis  in  the  penis  related  to  PD  and  ED, 
with  emphasis  on  work  carried  out  by  the  UCLA  group. 

Methods.  PubMed  search  for  pertinent  publications  mainly  in  the  period  2001-2008 

Results.  This  review  focuses  initially  on  PD  and  then  deals  with  studies  on  ED  in  animal 
and  cell  culture  models,  discussing  some  of  the  pathophysiological  similarities  between  tunical 
fibrosis  in  PD  and  corporal  fibrosis  in  corporal  veno-occlusive  dysfunction  (CVOD),  and 
emerging  common  therapeutic  strategies.  The  role  of  profibrotic  factors,  the  resulting  excessive 
deposit  of  collagen  fibers  and  other  extracellular  matrix,  the  appearance  of  a  synthetic  cell 
phenotype  in  smooth  muscle  cells  or  the  onset  of  a  fibroblast-myofibroblast  transition,  and  in  the 
case  of  the  corporal  or  penile  arterial  tissue  the  reduction  of  the  smooth  muscle  cellular 
compartment,  are  discussed.  This  histopathology  leads  either  to  localized  hardened  plaques  or 
nodules  in  penile  tissues,  or  to  the  diffuse  fibrosis  causing  impairment  of  tissue  compliance  that 
underlies  CVOD  and  arteriogenic  ED.  The  antifibrotic  role  of  the  sustained  stimulation  of  the 
nitric  oxide/cGMP  pathway  in  the  penis  and  its  possible  mechanism  of  action  through  the 
modulation  of  exogenous  and  endogenous  stem  cell  differentiation  is  also  briefly  presented. 
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Conclusions.  Fibrotic  processes  in  penile  tissues  share  a  similar  cellular  and  molecular 
pathophysiology,  and  common  endogenous  mechanisms  of  defense  that  have  inspired  novel 
pharmacological  experimental  approaches. 

Summary  of  paper  6  (P-6)  and  abstract  8  (A-8).  Experimental  models  of  Peyronie's 
disease.  Implications  for  new  therapies 

Introduction.  Despite  its  high  prevalence  and  impact  on  the  quality  of  life  of  patients, 
and  that  it  is  an  excellent  model  for  the  study  of  fibrotic  processes,  Peyronie’s  disease  (PD)  is 
an  orphan  disease  in  biomedical  research.  The  development  of  animal  and  cell  culture  models 
has  advanced  substantially  the  understanding  of  its  molecular  and  cellular  pathology  and  the 
proposal  of  new  therapies. 

Aim.  To  review  the  literature  pertaining  to  the  use  of  these  models  for  the  study  of  PD. 

Methods.  PubMed  search  conducted  from  the  first  report  of  an  animal  model  for  PD. 

Results.  This  model,  based  on  the  finding  that  TGFpi  is  overexpressed  in  the  PD 
plaque,  consists  on  the  injection  of  TGFpi  into  the  tunica  albuginea  of  the  rat.  This  leads  to  a 
PD-like  plaque  retaining  many  of  the  histological  and  biochemical  features  of  human  PD. 
Another  rat  model,  based  on  the  hypothesis  that  the  PD  plaque  arises  from  trauma  to  the  penis 
causing  fibrinogen  extravasation  that  initiates  as  fibrin  a  fibrotic  response,  consists  on  injection 
of  fibrin  into  the  tunica.  The  cell  culture  model  is  based  on  the  demonstration  that  myofibroblasts 
are  abundant  in  the  human  PD  plaque. 

Conclusions.  These  models  have:  a)  clarified  the  role  of  microtrauma,  myofibroblasts 
and  oxidative  stress  in  plaque  development;  b)  demonstrated  that  this  tissue  is  under  sustained 
turnover  by  fibrotic  and  antifibrotic  mechanisms;  c)  showed  the  interplay  of  collagenolytic  and 
fibrinolytic  systems  and  their  inhibitors;  d)  detected  an  endogenous  antifibrotic  process 
consisting  of  the  expression  of  inducible  nitric  oxide  synthase  that  counteracts  oxidative  stress, 
collagen  synthesis,  and  myofibroblast  generation;  e)  characterized  the  antifibrotic  effects  of 
chronic  treatment  with  PDE5  inhibitors;  f)  discovered  the  cytogenetic  instability  of  PD  cells  and 
alterations  in  their  gene  expression;  g)  detected  stem  cells  in  the  tunica  albuginea  with  a 
potential  role  in  fibrosis  and  ossification. 


Aim  2  Experiment  3.  Comparison  of  treatment  modalities  involving  PDE5  inhibitors.  The 

aim  is  to  optimize  the  regimen,  test  longer-action  agents,  and  determine  whether  treatment  is 
effective  when  initiated  after  BCNR-induced  functional  and  histological  alterations  are  already 
present. 

Rats  will  be  subjected  to  BCNR  (no  sham  operation)  and  divided  in  the  following  long-term 
treatment  groups.  This  experiment  (the  last  animal  experiment  for  this  grant)  has  already 
started,  with  slight  modifications  based  on  our  previous  data,  as  modified  below: 

“Prevention”  treatments: 

4)  Continuous  oral  sildenafil,  in  the  drinking  water  at  1/4  the  previous  dose,  approximately 
2.5  mg/kg/day 

5)  As  in  #4,  plus  molsidomine  as  in  #3 

6)  Daily  oral  sildenafil,  with  retrolingual  single  daily  instillation  of  0.2  ml  of  a  special 
formulation  at  5  mg/ml  (9,16),  1  mg/day,  or  approximately  2.5  mg/kg/day,  thus  at  about  !4  of  the 
50  mg  equivalent  tablet  intake  by  men. 

7)  As  in  #6,  plus  molsidomine  as  in  #3, 

“Reversion”  treatment: 
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8)  Treatment  selected  from  preceding  groups,  but  initiated  at  45  days  post-BCNR  and 
conducted  for  45  days  (“late  treatment”,  for  corrective  therapy),  using  as  a  control  the  data 
previously  obtained  for  a  90  days  non-treated  group. 

9)  Sham  operation  group 


Bulleted  list  of  key  research  accomplishments 

We  have  demonstrated  in  a  rat  model  of  erectile  dysfunction  subsequent  to  cavernosal 
nerve  damage  during  radical  prostatectomy  for  prostate  cancer,  that: 

•  CVOD  develops  in  the  BCNR  rat  as  a  result  of  the  early  loss  of  corporal  SMC  by  the 
neuropraxia-induced  apoptosis,  which  the  initial  cell  replication  response  cannot 
counteract,  followed  by  fibrosis.  The  time  course  of  iNOS  induction  supports  the 
antifibrotic  role  of  iNOS. 

•  The  antifibrotic  role  of  iNOS  in  the  penile  corpora  cavernosa  was  confirmed  in  the  iNOS 
ko/STZ  mouse  model  of  type  1  diabetes.  This  supports  the  importance  of  iNOS 
spontaneous  induction  in  protecting  the  penile  corpora  cavernosa  from  the  fibrotic 
effects  of  a  chronic  insult  as  hyperglycemia  is,  in  a  potential  similar  way  as  with 
cavernosal  nerve  damage. 

•  In  the  absence  of  iNOS  in  this  transgenic  mouse,  long-term  treatment  with  decorin 
reduced  SMC  loss  and  fibrosis  in  the  corpora  cavernosa  probably  by  interfering  with 
TGFpi  signaling,  but  not  with  oxidative  stress.  In  contrast,  allopurinol  reduced  SMC  loss 
by  reducing  oxidative  stress  probably  through  xanthine  oxido  reductase  inhibition.  This 
indicates  that  even  in  the  absence  of  iNOS,  a  putative  antifibrotic  agent,  inhibiting 
oxidative  stress  or  TGFpi  activity  is  effective  to  ameliorate  corporal  fibrosis. 

•  Treatment  with  molsidomine  or  sildenafil  in  the  ZDFfa/fa  rat,  a  model  of  type  2  diabetes 
improved  corporal  cell  replication  and  oxidative  stress  but  was  irrelevant  to  the 
prevention  of  CVOD  since  these  rats  were  found  not  to  develop  CVOD  despite  the 
considerable  hyperglycemia. This  resistance  is  not  overcome  by  iNOS  inhibition,  that  in 
other  conditions  exacerbate  fibrosis  in  the  penis. 

•  From  the  above,  it  is  clear  that  ffibrotic  processes  in  penile  tissues  share  a  similar 
cellular  and  molecular  pathophysiology,  as  the  underlying  pathophysiology  for  erectile 
dysfunction,  and  common  endogenous  mechanisms  of  defense  that  have  inspired  novel 
pharmacological  experimental  approaches. 

•  These  models  of  corpora  cavernosa  fibrosis  have  helped  to  clarify  the  role  of 
endogenous  antifibrotic  process  consisting  of  the  expression  of  inducible  nitric  oxide 
synthase  that  counteracts  oxidative  stress,  collagen  synthesis,  and  myofibroblast 
generation  and  the  antifibrotic  effects  of  chronic  treatment  with  PDE5  inhibitors  in 
another  fibrotic  condition  of  the  penis,  Peyronie’s  disease. 


Reportable  outcomes  for  Year  2 
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Papers  and  abstracts  follow  a  correlative  numbering  with  those  previously  reported  with 
the  report  for  Year  1 . 

Papers  acknowledging  this  grant  PC061300  (W81XWH-07-1-0129)  (see  Appendix) 
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Fibrosis  and  loss  of  smooth  muscle  in  the  corpora  cavernosa  precede  corporal  veno-occlusive 
dysfunction  (CVOD)  induced  by  experimental  cavernosal  nerve  damage  in  the  rat.  J  Sex  Med. 
2009  Feb;6(2):415-28.  Epub  2008  Dec  2.  PMID:  19138364  [PubMed  -  in  process]  Publication, 
previously  listed  in  the  Year  1  Report  as  paper  1,  submitted. 

P-5:  Gonzalez-Cadavid  NF.  Mechanisms  of  penile  fibrosis.  J  Sex  Med.  2009  Mar;6 
Suppl  3:353-62.  PMID:  19267860  [PubMed  -  in  process] 

P-6.  Gonzalez-Cadavid  NF,  Rajfer  J.  Experimental  models  of  Peyronie's  disease. 
Implications  for  new  therapies.  J  Sex  Med.  2009  Feb;6(2):303-13.  Epub  2008  Dec  2.  PMID: 
19138365  [PubMed  -  in  process] 

Note:  because  of  a  confusion  with  the  letters  PR  (which  were  incorrectly  taken  as 
abbreviating  the  terms  "prostate  research")  there  was  an  unfortunate  confusion  in  the 
acknowledgement  of  papers  2  and  3  with  another  DOD  grant:  PR064756  (W81XWH-07-01- 
0181).  This  error  was  noticed  during  the  preparation  of  this  report.  A  request  for  an  Erratum  will 
be  submitted  to  the  Journal  of  Sexual  Medicine,  by  substituting  grant  PC061300  for  PR064756, 
in  paper  2,  and  adding  PC061300  to  paper  3. 

Abstracts  and  presentations  related  to  this  grant  (penile  fibrosis  and  CVOD) 

A-2.  Ferrini  MG,  J  Moon  J,  Rivera  S,  Rajfer  J,  Gonzalez-Cadavid  NF  (2009)  Genetic 
Blockade  of  inducible  nitric  oxide  synthase  (iNOS)  Intensifies  the  Development  of  Fibrosis  in  a 
Mouse  Model  of  Diabetes  Type  1  Amer  Urol  Assoc  (AUA)  Ann  Meet,  Chicago,  IL.  Podium 
Presentation 

A-3.  Ferrini  MG,  Moon  J,  Rivera  S,  Vernet  D,  Rajfer  J,  Gonzalez-Cadavid,  NF  (2009) 
Antifibrotic  and  antioxidant  therapies  prevent  the  development  of  fibrosis  in  the  penile  corpora 
cavernosa  associated  with  type  1  diabetes  in  the  iNOS  knock  out  mouse.  Amer  Urol  Assoc 
(AUA)  Ann  Meet,  Chicago,  IL.  Podium  Presentation 

A-4.  Kovanecz  I,  Nolazco  G,  Ferrini  MG,  Rivera  S,  Vernet  D,  Rajfer  J,  Gonzalez-Cadavid 
NF  (2009)  Severe  hyperglycemia,  renal  damage,  and  low  serum  testosterone  are  insufficient  in 
the  absence  of  obesity  to  cause  corporal  veno-occlusive  dysfunction  (CVOD)  in  a  rat  model  of 
type  2  diabetes.  Amer  Urol  Assoc  (AUA)  Ann  Meet,  Chicago,  IL.  Podium  Presentation 

A-5.  Gonzalez-Cadavid  NF  (2008)  Mechanisms  of  penile  fibrosis.  American  Urological 
Association  (AUA)  Course,  08/20,  Baltimore,  MD.  Invited  speaker. 

A-6.  Gonzalez-Cadavid  NF.  (2009)  Novel  insights  into  the  pathophysiology  and  therapy 
of  erectile  dysfunction  in  type  2  diabetes  rat  models  in  the  context  of  reno-vascular  disease.  NIH 
Meeting  for  Urological  Complications  of  Diabetes,  03/1 1 ,  Baltimore,  MD.  Invited  speaker 

A-7.  Gonzalez-Cadavid  NF  (2009)  Role  of  fibrosis  and  inflammation  in  diabetes-related 
urological  disorders.  Cedars  Sinai  Meeting  on  Fibrosis  and  Inflammation  Research,  03/19, 
2009,  Los  Angeles,  CA.  Invited  speaker 

A-8.  Gonzalez-Cadavid  NF  (2008)  Advances  in  the  understanding  of  Peyronie’s  disease 
at  the  bench  level.  Sexual  Medicine  Society  of  North  America  (SMSNA)  Ann  Meet,  05/18. 
Orlando,  FA.  Invited  speaker. 

New  applications  for  funding  derived  from  preliminary  results  of  this  grant  (penile  fibrosis 
and  CVOD) 
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The  following  grant  applications  have  been  submitted  by  investigators  in  this  DOD  grant 
using  in  part  results  obtained  during  year  1  of  this  grant. 

1.  Funded.  Pis:  Gonzalez-Cadavid  NF,  Rivera  S  (2008)  Effects  of  Nitric  Oxide/cGMP 
Modulators  on  Fibrosis  of  the  Penile  Corpora  Cavernosa  and  Vasculogenic  Erectile  Dysfunction 
caused  by  Cavernosal  Nerve  Damage  in  a  Rat  Model.  GCRC  Medical  Student  Research 
Program.  11/08-10/09.  No  overlapping 

2.  Pending.  PI:  Gonzalez-Cadavid  NF  (2009).  Modulation  of  human  iPS  differentiation  in 
radical  prostatectomy-related  erectile  dysfunction  in  rat  models.  NIH  Recovery  Challenge 
Grants.  09/09-08/11.  No  overlapping 

3.  Pending.  PI:  Gonzalez-Cadavid  NF  (2009).  Erectile  Dysfunction  and  Nitric  Oxide 
Synthase  in  Aging.  ROI  DK53069-07  (resubmission).  11/09-10/14.  No  overlapping 

4.  Pending.  PI:  Rivera,  S,  Mentor:  Gonzalez-Cadavid  NF  (2009)  Nitric  oxide/cgmp 
modulation  of  stem  cell  differentiation  for  the  treatment  of  vasculogenic  erectile  dysfunction 
caused  by  cavernosal  nerve  damage  in  rodent  models.  Sexual  Medicine  Society  of  North 
America  (SMSNA)  research  grants.  07/09-06/10.  No  overlapping 

Four  other  grant  applications  unrelated  to  the  DOD  project  are  pending. 

The  previously  submitted  grants  for  the  NIH  O'Brien  Program  on  Erectile  Dysfunction 
(see  Report  Year  1)  were  scored,  including  the  program  itself,  but  not  funded 

D.  Appointments 

In  part  because  of  the  successful  outcomes  of  this  grant  during  the  first  year,  the  new 
principal  investigator  responsible  for  the  LABioMed  site  during  Year  2,  Dr.  Istvan  Kovanecz,  has 
been  appointed  as  Assistant  Professor  in  the  Research  Career  Series  at  the  UCLA  Department 
of  Urology. 


Conclusions 


Cavernosal  nerve  damage,  resembling  the  one  caused  by  radical  prostatectomy  for 
prostate  cancer,  causes  loss  of  smooth  muscle  cells  and  excessive  collagen  deposition  in  the 
penile  corpora  cavernosa.  This  is  responsible  for  the  impaired  corporal  compliance  leading  to 
corporal  veno-occlusive  dysfunction  (CVOD),  the  prevalent  form  of  vasculogenic  erectile 
dysfunction  that  develops  in  many  of  these  patients.  The  spontaneous  induction  of  iNOS, 
leading  to  sustained  higher  levels  of  nitric  oxide  and  cGMP,  is  an  endogenous  antifibrotic 
mechanism  in  the  corpora  cavernosa  of  this  rat  model  that  aims  to  counteract  the 
pathophysiology  of  CVOD.  Long-term  continuous  administration  of  PDE5  inhibitors  immediately 
after  cavernosal  nerve  damage,  maintaining  moderately  high  levels  of  cGMP,  prevents  CVOD 
and  the  underlying  histopathology  of  the  corpora  cavernosa.  This  may  soon  be  translated  into 
the  clinic,  once  the  appropriate  dosing  is  established,  as  a  treatment  to  prevent  or  counteract 
erectile  dysfunction  after  radical  prostatectomy. 


CVOD  develops  in  the  BCNR  rat  as  a  result  of  the  early  loss  of  corporal  SMC  by  the 
neuropraxia-induced  apoptosis,  which  the  initial  cell  replication  response  cannot  counteract, 
followed  by  fibrosis.  The  time  course  of  iNOS  induction  supports  the  antifibrotic  role  of  iNOS, 
Long-term  tadalafil  prevented  CVOD  and  the  underlying  corporal  fibrosis  through  a  cGMP- 
related  mechanism,  independent  of  iNOS  induction.  This  clarifies  in  the  rat  the  sequence  of 
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histological  damages  that  lead  to  CVOD  after  radical  prostatectomy,  and  suggests  that  the  long¬ 
term  continuous  treatment  with  PDE5  inhibitors  in  men  to  prevent  and/or  counteract  these 
conditions  should  be  examined  in  controlled  clinical  trials. 


Summary  of  results 

CVOD  appeared  late  (30  days)  in  the  BCNR  rats  as  compared  to  the  sham  controls,  and 
exacerbated  at  45  days.  This  functional  impairment  was  increased  by  continuous  oral 
administration  of  the  iNOS  inhibitor  L-NIL.  In  contrast,  the  SMC/collagen  ratio  in  the  BCNR 
corpora  was  reduced  early  (7  days)  and  bottomed  at  30  and  45  days,  due  in  part  to  the 
reduction  of  SMC,  presumably  caused  by  an  increase  in  apoptosis  peaking  at  3  days  but 
remaining  high  thereafter.  Cell  proliferation  also  peaked  at  3  days  but  then  normalized.  nNOS 
was  reduced  early  (3-7  days)  and  disappeared  at  30  days,  whereas  eNOS  was  not  affected. 
iNOS  was  induced  at  day  3,  and  steadily  increased  to  high  levels  peaking  at  30  days. 

The  moderate  CVOD  developing  in  the  BCNR  rat  most  likely  results  from  the  early  loss 
of  corporal  SMC  by  the  neuropraxia-induced  apoptosis  and  the  associated  fibrosis,  which  the 
early  cell  replication  response  cannot  counteract.  The  absence  of  eNOS  decrease  suggests  that 
the  endothelium  is  not  affected  to  the  same  extent.  The  time  course  of  iNOS  induction  and  the 
exacerbation  of  CVOD  and  fibrosis  by  L-NIL  support  an  antifibrotic  role  for  iNOS. 

PDE5  inhibitors,  namely  vardenafil,  sildenafil,  and  tadalafil:  1)  prevented  the  30% 
decrease  in  the  smooth  muscle  cell/collagen  ratio,  and  the  3-4-fold  increase  in  apoptosis  and 
reduction  in  cell  proliferation,  and  partially  counteracted  the  increase  in  collagen,  seen  with  both 
UCNR  and  BCNR;  and  2)  normalized  the  CVOD,  measured  by  dynamic  infusion 
cavernosometry,  induced  by  both  BCNR  and  UCNR.  The  long-term  inhibition  of  iNOS  activity 
exacerbated  corporal  fibrosis  and  CVOD  in  the  BCNR  rats,  but  sildenafil  functional  effects  were 
not  affected  by  L-NIL.  These  data  suggest  that  the  salutary  effects  of  continuous  long-term 
PDE5  inhibitors  on  erectile  function  post-cavernosal  nerve  resection  involve  their  ability  to 
prevent  the  alterations  in  corporal  histology  induced  by  cavernosal  nerve  damage,  in  a  process 
apparently  independent  from  endogenous  iNOS  induction. 

Following  BCNR,  CVOD  was  detectable  30  days  later  and  it  became  more  pronounced 
by  45  days.  In  contrast,  the  SMC/collagen  ratio  in  the  BCNR  corpora  was  reduced  at  7  days  and 
bottomed  at  30  and  45  days,  due  in  part  to  the  reduction  of  SMC,  presumably  caused  by  an 
increase  in  apoptosis  peaking  at  3  days  but  remaining  high  thereafter.  Cell  proliferation  also 
peaked  at  3  days  but  then  decayed.  nNOS  was  reduced  early  (3-7  days)  and  disappeared  at  30 
days,  whereas  eNOS  was  not  affected.  iNOS  was  induced  at  day  3,  and  steadily  increased  to 
high  levels  peaking  at  30  days.  Tadalafil  normalized  erectile  function,  SMC  and  collagen 
content,  and  improved  the  increase  in  cell  death. 
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Fibrosis  and  Loss  of  Smooth  Muscle  in  the  Corpora  Cavernosa 
Precede  Corporal  Veno-Occlusive  Dysfunction  (CVOD)  Induced 
by  Experimental  Cavernosal  Nerve  Damage  in  the  Rat 
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ABSTRACT - 

Introduction.  Corporal  veno-occlusive  dysfunction  (CVOD),  which  usually  is  associated  with  a  loss  of  smooth 
muscle  cells  (SMC)  and  an  increase  in  fibrosis  within  the  corpora  cavernosa,  can  be  induced  by  an  injury  to  the 
cavernosal  nerves.  The  corporal  tissue  expresses  inducible  nitric  oxide  synthase  (iNOS),  presumably  as  an  antifibrotic 
and  SMC-protective  response. 

Aims.  We  studied  the  temporal  relationship  in  the  corpora  between  the  expression  of  iNOS,  other  histological  and 
biochemical  changes,  and  the  development  of  CVOD,  after  bilateral  cavernosal  nerve  resection  (BCNR)  in  the  rat. 
Methods.  Rats  underwent  either  BCNR  or  sham  operation.  Cavernosometry  was  performed  1,  3,  7,  15,  30,  and  45 
days  (N  =  8/groups)  after  surgery.  Penile  tissue  sections  were  subjected  to  Masson  trichrome  staining  for  SMC  and 
collagen,  and  immunodetection  for  alpha  smooth  muscle  actin,  iNOS,  neuronal  NOS  (nNOS),  endothelial  NOS 
(eNOS),  proliferating  cell  nuclear  antigen  (PCNA),  and  terminal  transferase  dUTP  nick  end  labeling  (TUNEL). 
Quantitative  western  blot  analysis  was  done  in  homogenates. 

Main  Outcome  Measures.  Time  course  on  the  development  of  fibrosis  and  CVOD. 

Results.  Following  BCNR,  CVOD  was  detectable  30  days  later,  and  it  became  more  pronounced  by  45  days.  In 
contrast,  the  SMC/collagen  ratio  in  the  BCNR  corpora  was  reduced  at  7  days  and  bottomed  at  30  and  45  days,  due 
in  part  to  the  reduction  of  SMC,  presumably  caused  by  an  increase  in  apoptosis  peaking  at  3  days.  PCNA  also  peaked 
at  3  days,  but  then  decayed.  nNOS  was  reduced  early  (3-7  days)  and  disappeared  at  30  days,  whereas  eNOS  was  not 
affected.  iNOS  was  induced  at  day  3,  and  steadily  increased  peaking  at  30  days. 

Conclusions.  CVOD  develops  in  the  BCNR  rat  as  a  result  of  the  early  loss  of  corporal  SMC  by  the  neuropraxia- 
induced  apoptosis,  which  the  initial  cell  replication  response  cannot  counteract,  followed  by  fibrosis.  The  time  course 
of  iNOS  induction  supports  the  antifibrotic  role  of  iNOS.  Ferrini  MG,  Kovanecz  I,  Sanchez  S,  Umeh  C,  Rajfer 
J,  and  Gonzalez-Cadavid  NF.  Fibrosis  and  loss  of  smooth  muscle  in  the  corpora  cavernosa  precede  corporal 
veno-occlusive  dysfunction  (CVOD)  induced  by  experimental  cavernosal  nerve  damage  in  the  rat.  J  Sex  Med 
2009;6:415-428. 

Key  Words.  Fibrosis;  Erectile  Dysfunction;  Smooth  Muscle;  Nerve  Sparing;  Radical  Prostatectomy;  Penis;  Nitric 
Oxide;  cGMP;  Collagen;  Inducible  Nitric  Oxide  Synthase;  Apoptosis 


Introduction 

Despite  the  use  of  nerve-sparing  surgical 
techniques  during  radical  pelvic  surgery 
in  men,  the  cavernosal  nerves  still  appear  to  be 
somewhat  susceptible  to  injury  during  the  surgi- 
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cal  procedure  as  evidenced  by  persistent  and 
relatively  high  rates  of  erectile  dysfunction  in 
the  immediate  post  operative  period  following 
such  nerve  sparing  techniques  [1-4].  The  primary 
reason  for  this  surgically  induced  impotence  is 
corporal  veno-occlusive  dysfunction  (CVOD)  or 
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venous  leakage  [5-8]  which  becomes  manifest 
whenever  there  is  a  decrease  in  the  content  of 
corporal  smooth  muscle  cells  (SMC)  [9].  When 
this  occurs,  the  remaining  corporal  smooth 
muscle  mass  is  unable  to  achieve  sufficient  relax¬ 
ation  to  attain  the  high  intracorporeal  pressures 
which  are  necessary  for  the  passive  occlusion 
of  the  veins  that  egress  the  corporal  bodies  as 
they  traverse  underneath  and  through  the  tunica 
albuginea  of  the  penis. 

We  have  previously  demonstrated  in  the  rat, 
in  a  model  of  cavernosal  nerve  resection,  that 
CVOD  is  apparent  at  45  days  after  the  neural 
injury  [10-13].  This  functional  impairment  was 
associated  with  a  decrease  in  the  SMC  mass  and 
an  increase  in  collagen  content  in  the  corporal 
tissue.  In  addition,  we  also  observed  a  concomi¬ 
tant  increase  in  the  expression  of  the  inducible 
nitric  oxide  synthase  (iNOS)  following  bilateral 
cavernosal  nerve  resection  (BCNR).  Since  we 
have  shown  in  other  experimental  injury  models 
that  the  upregulation  of  iNOS  postinjury, 
presumably  via  the  synthesis  of  NO,  can  act  as 
an  antffibrotic  defense  mechanism  against  the 
development  of  fibrosis,  we  then  hypothesized 
that  the  iNOS  may  be  acting  in  a  similar 
manner  on  the  corporal  tissue  in  this  BCNR 
model.  The  evidence  to  support  this  hypoth¬ 
esis  comes  from  our  finding  that  the  long¬ 
term  continuous  oral  administration  of  a  PDE5 
inhibitor,  which  is  known  to  upregulate  the 
action  of  nitric  oxide,  not  only  prevented  both 
the  BCNR-induced  CVOD  and  the  loss  of 
the  corporal  SMC  mass  [10-12]  normally  seen 
following  this  type  of  injury,  but  there  was  the 
unexpected  finding  that  the  PDE5  inhibitors 
also  enhanced  replication  of  the  corporal  SMC 
themselves. 

However,  even  though  it  has  been  well  estab¬ 
lished  that  CVOD  develops  after  BCNR  and  that 
iNOS  expression  is  increased  in  the  corporal 
tissue,  the  temporal  relationship  between  these 
processes  have  never  been  fully  elucidated.  The 
aim  of  this  study  was  to  determine:  (i)  whether 
the  development  of  the  histological  and  bio¬ 
chemical  changes  that  occur  after  BCNR  pre¬ 
cedes  the  onset  of  the  CVOD;  and  (ii)  when  and 
how  long  does  iNOS  induction  occur  following 
such  a  neural  injury.  These  observations  would 
help  establish  the  time  frame  of  when  to  initiate 
treatment  with  PDE5  inhibitors  following  ca¬ 
vernosal  nerve  damage  in  order  to  achieve  the 
optimum  antiapoptotic  and  antffibrotic  effect  of 
these  drugs. 


Materials  and  Methods 

Animal  Treatments 

Five  month-old  male  Fisher  344  rats  (Harlan 
Sprague-Dawley,  San  Diego,  CA)  were  randomly 
divided  into  sham  operated  and  BCNR  groups. 
Animals  were  sacrificed  at  1,  3,  7,  15,  30,  and  45 
days  after  surgery  (n  =  8  each  group).  BCNR 
was  performed  as  previously  described  [9-12]. 
Animals  were  operated  under  aseptic  conditions 
and  isoflurane  anesthesia.  In  supine  position, 
a  midline  incision  was  done,  the  pelvic  cavity 
was  opened,  and  the  bladder  and  prostate  were 
located.  Under  an  operating  microscope,  the 
major  pelvic  ganglion  and  its  inflow  and  outflow 
nerve  fibers  were  identified  after  removing  the 
fascia  and  fat  on  the  dorsolateral  lobe  of  the  pros¬ 
tate.  The  main  branch  of  the  cavernosal  nerve  is 
the  largest  efferent  nerve,  which  runs  along  the 
surface  of  the  prostatic  wall.  Above  the  main 
branch,  there  are  another  four  to  six  small  efferent 
fibers  which  also  run  toward  the  membranous 
urethra,  considered  as  ancillary  branches  of  the 
CN.  In  order  to  recognize  the  main  cavernosal 
nerve,  stimulation  with  an  electrode  to  induce 
penile  erection  was  applied.  In  the  sham-operated 
group,  both  cavernosal  nerves  were  identified  but 
not  resected.  In  BCNR,  the  main  cavernosal 
nerves  and  ancillary  branches  were  resected  by 
removing  a  5 -mm  segment.  This  procedure 
mainly  eliminates  the  nitrergic  non  adrenergic  non 
cholinergic  (NANC)  stimulation  to  the  corporal 
smooth  muscle  that  elicits  its  relaxation  during 
penile  erection,  while  also  interrupting  some  vaso¬ 
constrictor  neurotransmission  through  coalescent 
adrenergic  fibers  in  the  cavernosal  nerve.  All 
animal  experiments  were  approved  by  the  Institu¬ 
tional  Animal  Care  and  Use  Committee  at  our 
institution. 

Dynamic  Infusion  Cavernosometry  (DIC) 

Cavemosometry  was  performed  as  previously 
described  [10-12,14].  Briefly,  basal  intracavernosal 
pressure  (ICP)  was  recorded,  and  0.1  mL  papa¬ 
verine  (20  mg/mL)  was  administered  through  a 
cannula  into  the  corpora  cavernosa.  The  ICP 
during  tumescence  was  recorded  as  “ICP  after 
papaverine.”  Saline  was  then  infused  through 
another  cannula,  increasing  infusion  rate  by 
0.05  mL/min  every  10  seconds,  until  the  ICP 
reached  80  mm  Hg  (“maintenance  rate”).  The 
“drop  rate”  was  determined  by  recording  the  fall  in 
ICP  within  the  next  1  minute  after  the  infusion 
was  stopped. 
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Histochemistry  and  Immunohistochemistry 

After  cavernosometry,  animals  were  sacrificed, 
and  the  skin-denuded  penile  shafts  were  fixed 
overnight  in  10%  buffered  formalin,  washed,  and 
stored  in  alcohol  (70%)  at  4°C  until  processed 
for  paraffin-embedded  tissue  sections  (5  pm). 
Adjacent  tissue  sections  were  used  for:  (a)  Masson 
trichrome  staining  for  collagen  (blue)  and  SMC 
(red);  (b)  immunodetection  with:  (i)  monoclonal 
antibodies  against  a-smooth  muscle  actin  (ASMA) 
as  a  SMC  marker  (Sigma  kit,  Sigma  Diagnostics, 
St  Louis,  MO,  USA)  and  proliferating  cell  nuclear 
antigen  (PCNA)  as  marker  of  cell  proliferation 
(Chemicon,  Temecula,  CA,  USA);  (ii)  polyclonal 
antibody  against  iNOS  [15]  (Calbiochem,  La  Jolla, 
CA,  USA);  (iii)  monoclonal  antibody  against 
eNOS  [16]  (Calbiochem);  (iv)  monoclonal  anti¬ 
body  against  nNOS  [17]  (Calbiochem).  The  speci¬ 
ficity  of  the  antibodies  was  validated  by  western 
blot. 

Sections  were  then  incubated  with  biotinylated 
antimouse  IgG  (ASMA  PCNA,  eNOS,  nNOS) 
or  biotinylated  antirabbit  IgG  (iNOS),  respec¬ 
tively,  followed  by  avidin-biotinylated  enzyme 
complex  (Vector  Labs,  Temecula,  CA,  USA)  and 
3,3'diaminobenzidine  (Sigma)  (PCNA  and  iNOS), 
or  with  the  ASMA  Sigma  kit  (ASMA)  and 
3-amino-9-ethylcarbazole.  TUNEL  assay  was 
performed  as  described  [10-13]  by  applying  the 
Apoptag  peroxidase  detection  assay  (Chemicon) 
with  TdT  enzyme  and  antidigoxigenin-conjugated 
peroxidase  and  3,3/diaminobenzidine/H202.  Sec¬ 
tions  were  counterstained  with  hematoxylin. 
Negative  controls  in  the  immunohistochemical 
detections  were  done  by  replacing  the  first  anti¬ 
body  with  IgG  isotype.  The  negative  control  for 
TUNEL  was  by  substituting  buffer  for  the  TdT 
enzyme.  Testicular  tissue  sections  were  used  as 
positive  control. 

Quantitative  Image  Analysis  (QIA) 

QIA  was  performed  by  computerized  densitom¬ 
etry  using  the  ImagePro  4.01  program  (Media 
Cybernetics,  Silver  Spring,  MD,  USA),  coupled 
to  an  Olympus  BHS  microscope  (Olympus 
America,  Inc.,  Melville,  NY,  USA)  equipped  with 
an  Olympus  digital  camera  [11-15].  For  Masson 
staining,  40x  magnification  pictures  of  the  penis 
comprising  half  of  the  corpora  cavernosa  were 
analyzed  for  SMC  (stained  in  red)  and  collagen 
(stained  in  blue),  and  expressed  as  SMC/collagen 
ratio.  For  ASMA  and  iNOS  staining,  only  the 
corpora  cavernosa  were  analyzed  in  a  computer¬ 
ized  grid  and  expressed  as  %  of  positive  area  vs. 


total  area  of  the  corpora  cavernosa.  For  PCNA  and 
TUNEL  determinations,  the  number  of  positive 
cells  at  400x  was  counted,  and  results  were 
expressed  as  a  %  of  positive  cells/total  cells  in  the 
corpora  cavernosa.  In  all  cases,  two  fields  at  40x 
(both  sides  of  the  corpora  cavernosa)  or  eight  fields 
at  400x,  were  analyzed  per  tissue  section,  with  at 
least  four  matched  sections  per  animal  and  eight 
animals  per  group. 

Western  Blot  Analysis 

Penile  tissue  homogenates  (100  mg  tissue)  were 
obtained  in  tissue  protein  extraction  reagent 
(PIERCE,  Rockford,  IL,  USA)  and  protease 
inhibitors  (3  pM  leupeptin,  1  pM  pepstatin  A, 
1  mM  phenyl  methyl  sulfonyl  fluoride),  and  cen¬ 
trifuged  at  10,000  g  for  5  minutes.  Supernatant 
proteins  (30-50  pg)  were  subjected  to  western  blot 
analyses  [17-20]  by  7-10%  Tris-HCl  polyacryla¬ 
mide  gel  electrophoresis  (Bio-Rad,  Hercules,  CA, 
USA)  in  running  buffer  (Tris/glycine/sodium 
dodecyl  sulfate).  Proteins  were  transferred  over¬ 
night  at  4°C  to  nitrocellulose  membranes  in  trans¬ 
fer  buffer  (Tris/glycine/methanol),  and  the  next 
day,  the  nonspecific  binding  was  blocked  by 
immersing  the  membranes  into  5%  nonfat  dried 
milk,  0.1%  (v/v)  Tween  20  in  phosphate  buffered 
saline  (PBS)  for  1  hour  at  room  temperature.  After 
several  washes  with  washing  buffer  (PBS  Tween 
0.1%),  the  membranes  were  incubated  with  the 
primary  antibodies  for  1  hour  at  room  tempera¬ 
ture.  Monoclonal  antibodies  were  as  follows:  (i) 
ASMA,  as  described  above  (1/1,000)  (Calbio¬ 
chem);  (ii)  glyceraldehide-3 -phosphate  dehy¬ 
drogenase  (GAPDH)  (1/10,000)  (Chemicon 
International);  and  (ii)  PCNA  (Chemicon  Interna¬ 
tional).  The  washed  membranes  were  incubated 
for  1  hour  at  room  temperature  with  1/3,000  dilu¬ 
tion  (antimouse),  followed  by  a  secondary  anti¬ 
body  linked  to  horseradish  peroxidase.  After 
several  washes,  the  immunoreactive  bands  were 
visualized  using  the  enhanced  chemiluminescence 
plus  western  blotting  chemiluminescence  detec¬ 
tion  system  (Amersham  Biosciences,  Piscataway, 
NJ,  USA).  The  densitometric  analyses  of  the 
bands  were  performed  with  Image  J  (NIH, 
Bethesda,  MD,  USA).  A  positive  control  was  run 
throughout  all  gels  for  each  antibody  to  standard¬ 
ize  for  variations  in  exposures  and  staining  inten¬ 
sities.  Negative  controls  were  performed  omitting 
the  primary  antibody.  Band  intensities  were  deter¬ 
mined  by  densitometry  and  corrected  by  the 
respective  intensities  for  a  housekeeping  protein, 
GAPDH,  upon  reprobing. 


J  Sex  Med  2009;6:415-428 


418 


Ferrini  et  al. 


Statistical  Analysis 

Values  were  expressed  as  mean  ±  standard  error  of 
the  mean.  The  normality  distribution  of  the  data 
was  established  using  the  Wilk-Shapiro  test.  Mul¬ 
tiple  comparisons  were  analyzed  by  a  two-factor 
(time  and  treatment)  analysis  of  variance  (two-way 
anova),  followed  by  post  hoc  comparisons  with  the 
Bonferroni  test,  according  to  the  GraphPad  Prism 
V  4.1  (GraphPad  Software,  Inc.,  La  Jolla,  CA 
USA).  Differences  were  considered  significant  at 
P<  0.05. 

Results 

Alterations  in  the  SMC/Collagen  Ratio  in  the 
Corpora  Cavernosa  Precede  the  Onset  of 
CVOD  Following  BCNR 

DIC  was  performed  at  1,  3,  7,  15,  and  30  days 
after  cavernosal  nerve  injury  in  order  to  deter¬ 
mine  when  CVOD  occurs  post-BCNR.  DIC 
values  for  the  45 -day  time  period  were  taken 
from  one  of  our  previous  articles  with  identical 
sets  of  BCNR-  and  sham-operated  rats  [11]. 
However,  in  all  the  subsequent  figures  for  histo¬ 
logical  observations,  the  representative  microgra¬ 
phies  for  15  and  45  days  are  omitted  to  reduce 
space.  Figure  1  (top)  shows  that  the  peak  ICP  fol¬ 
lowing  papaverine  injection  was  not  significantly 
affected  by  BCNR  during  the  observed  30  days 
postinjury,  although  at  45  days  after  surgery,  the 
value  was  significantly  reduced.  The  drop  rate, 
however,  began  to  slowly  increase  by  7  days,  but 
only  became  significant  by  30  days  and  markedly 
progressed  by  45 -day  postinjury. 

Evaluation  of  the  smooth  muscle  and  collagen 
content  within  the  corpora  was  then  performed 
in  cross-sections  of  the  penile  tissue  harvested 
from  the  animals  following  performance  of  DIC. 
Figure  2  (top)  shows  that  there  does  not  appear  to 
be  any  obvious  visual  changes  in  the  Masson 
trichrome  staining  for  collagen  and  SMC  on  rep¬ 
resentative  micrographs  in  the  sham  groups 
throughout  the  experiment.  However,  a  progres¬ 
sive  intensification  of  the  collagen  deposition 
(stained  in  blue)  and  a  reduction  in  the  smooth 
muscle  (stained  in  red)  started  to  be  visualized  at 
day  7  after  BCNR.  When  QIA  was  performed 
(Figure  2,  bottom),  an  alteration  in  the  SMC/ 
collagen  ratio  is  detected  as  early  as  day  3  postin¬ 
jury,  which  becomes  significantly  severe  by  day  7 
and  remains  so  for  the  remainder  of  the  study.  The 
red  staining  of  the  SMC  was  easily  differentiated 
from  the  red  blood  cells,  which  were  not  consid¬ 
ered  in  the  QIA  determinations. 


Papaverine  response 


Drop  rate 


□  Sham  ■BCNR 

Figure  1  Time  course  of  effect  of  bilateral  cavernosal 
nerve  resection  on  the  erectile  function  of  the  rat  measured 
by  pharmacological  and  infusion  cavernosometry.  Top: 
Response  of  the  intracavernosal  pressure  to  papaverine; 
Bottom:  Response  of  the  intracavernosal  pressure  to 
the  interruption  of  saline  infusion.  *P<  0.05;  **P<0.01. 
SHAM  =  sham-operated  animals;  BCNR  =  animals  sub¬ 
jected  to  nerve  resection  and  killed  at  1 , 3,  7, 1 5,  30,  and  45 
days  after  surgery. 


Picrus  sirius  red  assays  and  observation  under 
polarized  microscope  were  done  in  adjacent  sec¬ 
tions  to  the  ones  used  for  Masson  in  order  to 
discriminate  the  collagen  III/I  ratio.  We  have 
found  that  at  the  time  points  7  and  30,  there  is  an 
increase  in  collagen  III/I  ratio  toward  more  pro¬ 
duction  of  collagen  III,  whereas  at  45  days,  the 
ratio  is  inverted  to  more  collagen  I  than  III  (not 
shown).  This  difference  could  be  due  to  the  fact 
that  the  rate  of  collagen  III  synthesis  is  much  faster 
than  collagen  I. 

A  second  procedure  to  estimate  SMC  content 
based  on  the  immunohistochemical  determi¬ 
nation  of  ASMA,  an  accepted  marker  of  SMC  in 
the  corpora  cavernosa,  was  also  performed. 
Figure  3  (top)  shows  a  considerable  reduction 
with  time  in  ASMA  staining  in  the  BCNR  group 
as  compared  with  the  sham  group  as  early  as  3 
days  after  BCNR  that  progressively  worsens  at 
30  and  45  days.  The  respective  reductions  in 
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Figure  2  Time  course  of  the  effect  of 
bilateral  cavernosal  nerve  resection 
on  the  smooth  muscle/collagen  ratio 
in  the  rat  corpora  cavernosa.  Penile 
corpora  cavernosa  tissue  sections 
from  the  rat  groups  presented  on 
Figure  1  were  stained  with  Masson 
trichrome.  Top:  representative  pic¬ 
tures  (200x,  Bar  =100  pm).  Bottom: 
quantitative  image  analysis.  **P< 
0.01,  ***P<  0.001.  SHAM  =  sham- 
operated  animals;  BCNR  =  animals 
subjected  to  nerve  resection  and 
killed  at  1 , 3,  7,  30,  and  45  days  after 
surgery. 
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ASMA  content  determined  by  QIA  (Figure  3A, 
bottom)  were  40%,  76%,  and  78%  at  7,  30,  and 
45  days,  respectively,  postinjury.  The  expression 
of  ASMA  in  the  sham-operated  group  remained 
unchanged  throughout  the  experiment  (not 
shown).  When  western  blot  analysis  of  ASMA 
expression  in  homogenates  of  penile  shaft  tissue 
(Figure  3B,  bottom)  was  performed,  it  paralleled 
the  immunohistochemical  measurements.  Collec¬ 
tively,  these  results  suggest  that  the  histological 
changes  induced  by  BCNR  precede,  as  expected, 
the  functional  impairment  of  vasculogenic 
erectile  response,  and  that  the  earliest  event  is 
SMC  loss  rather  than  collagen  deposition.  This 
is  based  on  the  fact  that  the  reduction  in 


ASMA  +  cells  is  rather  considerable  at  a  period 
(3  days)  when  the  SMC/collagen  ratio  has  only 
slightly  decreased. 

BCNR  Results  in  a  Decrease  in  nNOS,  an 
Increase  in  iNOS  and  No  Change  in  eNOS 
Content  in  the  Corpora 

Since  BCNR  causes  damage  to  the  axons  of  the 
cavernosal  nerve,  Figure  4A  confirms  by  immu- 
nohistochemistry  with  an  antibody  selective  for 
nNOS  a  decrease  in  nNOS  staining  that  is  seen  in 
cross-sections  of  the  cavernosal  nerve  as  early  as  24 
hours  following  the  nerve  injury.  This  antibody 
does  not  cross-react  with  eNOS  and  iNOS. 
Because  the  decrease  in  staining  intensity  was 
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Figure  3  Time  course  of  the  effect  of 
bilateral  cavernosal  nerve  resection 
on  the  smooth  muscle  cell  content  in 
the  rat  corpora  cavernosa.  Penile 
corpora  cavernosa  sections  adjacent 
to  those  presented  on  Figure  2  were 
immunostained  for  a-smooth  muscle 
actin  (ASMA)  as  a  smooth  muscle 
cells  marker.  Top:  400x,  Bar  = 
50  pm.  A,  Quantitative  Image  Analy¬ 
sis  of  Asma  expression  by  immuno- 
histochemistry.  B,  ASMA  Expression 
by  western  blot  analysis  on 
□  Shan  penile  homogenate  extracts.  *P< 
■  BCNR  0.05;  ***P<  0.001.  Sham  =  sham- 
operated  animals;  BCNR  =  animals 
subjected  to  nerve  resection  killed  at 
1,3,7,  30,  and  45  days  after  surgery. 


so  evident,  no  quantitative  determination  was 
deemed  necessary  to  corroborate  the  visual  inspec¬ 
tion.  In  contrast,  no  changes  were  appreciable  in 
the  immunohistochemical  detection  of  eNOS, 
which  was  constrained  to  the  endothelium  lining 
of  the  corpora  cavernosa  lacunar  spaces  or  cister- 
nae  (Figure  4B).  This  was  confirmed  by  QIA. 

In  an  even  more  marked  contrast  to  nNOS 
decrease,  iNOS  immunostaining  in  the  corpora 
of  the  BCNR  rats  started  to  increase  by  10-fold 
at  day  3,  and  continued  to  remain  high  through¬ 
out  the  study  period,  while  it  stayed  almost  unde¬ 
tectable  in  the  sham-operated  animals  at  all  time 
periods  (Figure  5,  top).  The  quantitative  determi¬ 
nation  indicated  that  iNOS  expression  reached  a 
peak  at  30  days,  when  there  was  about  a  50-fold 
increase  over  both  the  sham-operated  and  the 
preinjury  values  (bottom). 


The  Reduction  in  SMC  Occurring  After  BCNR  Is 
Due  to  an  Early  Peak  of  Apoptosis  That  Initially  Is 
Compensated  by  Increased  Cell  Proliferation  But 
Later  on  Predominates  Over  This  Process 

TUNEL  immunodetection  assay  revealed  that  by 
1  day,  and  more  so  at  3  days  following  BCNR, 
there  was  a  marked  increase  in  apoptosis  of  cells  in 
the  corpora  (not  shown),  and  this  was  confirmed 
by  QIA,  which  showed  that  the  peak  of  apoptosis 
occurred  at  3  days  with  a  fivefold  increase  in  the 
apoptotic  index  in  the  BCNR  animals.  This  was 
followed  by  a  gradual  reduction,  but  still  showing 
an  over  twofold  higher  apoptotic  index  at  45  days 
after  BCNR  (Figure  6,  top). 

When  cell  proliferation  was  measured  by 
immunohistochemistry  for  PCNA,  there  was  an 
intensification  of  cell  proliferation  at  1  and  3 
dayspost-BCNR,  but  this  level  was  subsequently 
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Figure  4  Time  course  of  neuronal  NOS  (nNOS)  expression  after  nerve  resection  in  cavernosal  nerve  terminals  and  of 
endothelial  NOS  (eNOS)  in  the  corporal  enothelium.  (A)  penile  sections  adjacent  to  those  presented  on  Figure  2  were 
immunostained  for  nNOS.  Magnification:  400x,  bar  =  50  pm.  (B)  sections  adjacent  to  those  presented  on  Figure  2  were 
immunostained  with  an  eNOS  antibody.  The  expression  of  eNOS  is  not  altered  by  nerve  resection.  Top:  400x,  bar  =  50  pm. 
Bottom:  quantitative  image  analysis.  Sham  =  sham-operated  animals;  BCNR  =  animals  subjected  to  nerve  resection  killed  at 
1,3,7,  30,  and  45  days  after  surgery. 


reduced  by  day  7  postinjury  to  basal  levels 
(Figure  6,  middle).  QIA  showed  that,  as  in  the  case 
of  apoptosis,  the  cell  proliferation  peak  occurred  at 
3  days,  with  a  similar  fivefold  increase  in  PCNA 
staining,  which  decreased  thereafter.  Interestingly, 
at  30  and  45  days  post-BCNR,  the  PCNA  values  in 
the  BCNR  groups  were  lower  than  in  the  control 
sham-operated  animals.  Because  of  the  initial 
stimulation  of  cell  replication,  the  ratio  between 


the  proliferation  and  apoptotic  indexes  in  the 
corpora  (bottom)  remains  around  a  value  of  1  until 
7  days  after  BCNR,  with  no  significant  differences 
between  BCNR  and  the  sham-operated  rats. 
However,  at  both  3  0  and  45  days,  there  is  a  consid¬ 
erable  reduction  in  PCNA  due  to  the  predomi¬ 
nance  of  cell  death  over  cell  proliferation.  This 
agrees  with  the  time  course  for  SMC  content  in 
Figure  3. 
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Figure  5  Time  course  of  the  effect  of 
bilateral  cavernosal  nerve  resection 
on  the  expression  of  inducible  nitric 
nitric  oxide  synthase  (iNOS)  in  the 
penile  corpora  cavernosa.  Penile 
corpora  cavernosa  sections  adjacent 
to  those  presented  in  Figure  2  were 
subjected  to  immunodetection  for 
iNOS.  Top:  representative  pictures 
(200x).  Bottom:  quantitative  image 
analysis.  ***P<  0.001.  Sham  = 
sham-operated  animals;  BCNR  = 
animals  subjected  to  nerve  resection 
killed  at  1 , 3,  7,  30,  and  45  days  after 
surgery. 


The  western  blot  analysis  of  PCNA  expression 
in  total  penile  shaft  homogenates  (Figure  7)  con¬ 
firmed  the  decrease  in  PCNA  staining  seen  by 
immunohistochemistry  in  the  tissue  sections  of 
the  corpora  cavernosa  of  BCNR  rats  (Figure  6, 
middle  panel).  Flowever,  the  levels  of  PCNA  in 


the  homogenates  of  the  penile  shaft  (Figure  7) 
were  inconsistently  high  at  the  two  earliest  time 
periods,  probably  reflecting  the  presence  of 
tunical  and  corpus  spongiosum  tissue  (not  con¬ 
sidered  in  the  analysis  of  the  tissue  sections  of 
Figure  7). 
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Figure  6  Time  course  of  the  effect  of  bilateral  cavernosal 
nerve  resection  on  the  cell  turnover  in  the  rat  corpora 
cavernosa.  Penile  corpora  cavernosal  sections  adjacent  to 
those  presented  on  the  preceding  figures  were  subjected 
to  TUNEL  and  proliferating  cell  nuclear  antigen  (PCNA) 
staining.  Top:  quantitative  image  analysis  (QIA)  for  TUNEL. 
Middle:  QIA  for  PCNA.  Bottom:  the  ratio  between  the  total 
area  occupied  by  cells  undergoing  cell  replication  (PCNA+) 
and  the  apoptotic  index  obtained  above  was  established  for 
each  animal,  and  then  used  to  calculate  means  ±  SEM. 
*P<  0.05;  **P<  0.01 ;  ***P<  0.001.  Sham  =  sham-operated 
animals;  BCNR  =  animals  subjected  to  nerve  resection 
killed  at  1,  3,  7,  30,  and  45  days  after  surgery; 
Tunel  =  Terminal  Transferase  dUTP  Nick  End  Labeling; 
SEM  =  standard  error  of  the  mean. 


Discussion 

The  current  results  clarify  the  sequential  events 
that  lead  to  the  development  of  CVOD  in  the  rat 
following  cavernosal  nerve  damage.  The  assump¬ 
tion  is  that  CVOD  or  venous  leakage  occurs 
because  the  SMC  mass  in  the  corpora  is  impacted 


in  such  a  way  that  it  cannot  achieve  sufficient 
relaxation  to  attain  an  intracorporeal  pressure  high 
enough  that  can  compress  the  subtunical  veins  as 
they  egress  from  the  tunica  albuginea  of  the  penis. 
Normally,  this  is  evident  by  a  decrease  in  the  SMC 
content,  together  with  an  increase  in  tissue  fibrosis 
within  the  corpora. 

The  absolute  amount  of  corpora  smooth  muscle 
that  only  drops  significantly  at  day  30,  but  not  at 
7,  approaching  the  value  at  day  45,  appears  to  be 
more  critical  for  corporal  compliance  and  venous 
occlusion  than  the  smooth  collagen  content  ratio 
that  falls  down  earlier.  This  interpretation  would 
explain  the  fact  that  the  significant  increase  in  drop 
rate  occurs  at  day  30  but  not  at  7  days,  thus  imply¬ 
ing  that  a  certain  threshold  in  the  corporal  smooth 
muscle  content  combined  with  collagen  deposition 
may  be  needed,  below  which  the  functional 
impairment  would  become  evident. 

The  absence  of  a  parallel  significant  decrease 
in  the  papaverine  response  at  day  30  (despite 
the  trend  seen  on  Figure  1)  may  be  due  to 
the  relatively  high  papaverine  dosage  (100  pL  of 
20  mg/mL  solution,  which  is  approximately  5  mg/ 
kg.  body  weight)  used  in  this  study.  This  may  be 
excessive  to  detect  a  marginal  CVOD,  based  on 
the  erectile  response  to  the  drug.  However,  we 
have  recently  conducted  a  papaverine  dose/res- 
ponse  titration  curve  during  DIC  in  the  rat,  and 
we  have  found  that  15  mg/mL  of  papaverine  is  an 
optimal  concentration  (or  3.8  mg/kg)  for  perform¬ 
ing  DIC,  and  this  intracorporal  dose  will  be  used 
in  the  future. 

Therefore,  if  the  hypothesis  of  the  decrease 
in  the  SMC  content,  together  with  an  increase 
in  tissue  fibrosis  within  the  corpora  is  correct, 
then  apoptosis  should  occur  first,  followed  by  an 
observed  decrease  in  the  corporal  smooth  muscle 
content  in  combination  with  an  increase  in  tissue 
fibrosis  before  CVOD  becomes  evident.  Indeed, 
in  our  animal  model  of  BCNR,  the  process  of 
apoptosis  is  apparent  24  hours  following  the 
neural  injury,  an  observation  that  has  been  pre¬ 
viously  reported  by  others  [21-24].  What  our 
data  does  show  for  the  first  time  is  that  this 
apoptotic  process  peaks  around  3  days  following 
BCNR,  and,  although  there  is  a  slight  decrease 
from  this  peak  level  seen  after  day  3,  the  level  of 
apoptosis  continues  to  remain  elevated  up  to  the 
end  of  the  experiment,  which  was  45  days  after 
BCNR. 

The  data  confirm  the  observation  of  previous 
investigators  [20-23]  that  programmed  cell  death 
is  apparent  as  early  as  1  day  after  the  onset  of 
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Figure  7  Corroboration  of  the  proliferating  cell  nuclear  antigen  (PCNA)  immunostaining  by  western  blot.  Homogenates  from 
corpora  cavernosa  tissue  were  subjected  to  western  blot  analysis  with  the  same  antibody  used  for  Figure  6.  **P<0.01. 
GAPDH  =  glyceraldehide-3-phosphate  dehydrogenase.  Sham  =  sham-operated  animals;  BCNR  =  animals  subjected  to 
nerve  resection  killed  at  1 , 3,  7,  30,  and  45  days  after  surgery. 


the  neural  injury.  In  addition,  while  the  peak 
for  these  proapoptotic  processes  occurs  by  day  3 
following  the  neural  injury,  there  also  appears  to 
be  a  considerable  increase  in  cell  proliferation 
within  the  trabecular  tissue  around  the  cisternae, 
a  finding  that  has  not  been  previously  reported, 
and  one  that  may  represent  an  attempt  by  the 
tissue  itself  to  counteract  apoptosis.  Thereafter, 
cell  proliferation,  by  drastically  declining  already 
at  7  days,  becomes  insufficient  to  counteract  the 
much  slower  decline  in  apoptosis.  As  a  result, 
the  imbalance  between  both  processes  manifests 
at  30  days,  agreeing  with  the  earliest  period, 
where  there  is  a  net  loss  of  SMC.  Since  the  ratio 
of  the  SMC  to  collagen  decreases  significantly, 
and  rather  drastically  at  7  days  after  BCNR,  but 
the  content  of  the  SMC  decreases  much  earlier, 
at  3  days,  which  coincides  with  the  peak  in  apo¬ 
ptosis,  it  may  be  concluded  that  collagen  depo¬ 
sition  is  intensified  after  the  SMC  loss,  and  that 
therefore  the  reduction  of  the  cellular  compart¬ 
ment  precedes  the  onset  of  fibrosis.  It  is  the  net 
loss  of  SMC  that  appears  to  trigger  the  first 
manifestation  of  CVOD  that  occurs  30  days  after 
BCNR. 


The  reduction  of  nitrergic  nerve  terminals 
that  are  clearly  distinguishable  from  the  dorsal 
nerve  and  may  be  ascribed  topologically  to  the 
cavernosal  nerve,  is  evident  as  early  as  1  day 
after  BCNR.  This  suggests  that  Wallerian  nerve 
degeneration  exacerbated  throughout  the  45 -day 
period  is  most  likely  responsible  for  the  changes 
observed  in  the  corpora  cavernosa  SMC.  Most 
interestingly  and  somewhat  surprisingly  was  the 
lack  of  changes  in  the  content  of  eNOS,  thereby 
suggesting  that  the  endothelium  is  not  consider¬ 
ably  affected  by  BCNR.  This  indicates  that:  (i) 
eNOS-dependent  endothelial  dysfunction  may 
not  be  elicited  by  neuropraxia  and  is  not  involved 
in  CVOD,  which  appears  to  result  mainly  from 
corporal  SMC  loss  and  fibrosis;  and  (ii)  in  the 
absence  of  nNOS,  eNOS  cannot  per  se  pro¬ 
duce  sufficient  nitric  oxide  as  to  sustain  the 
papaverine-induced  production  of  cGMP  caused 
by  the  unspecific  PDE  inhibition  exerted  by  the 
drug  [25].  However,  since  neither  endothelial 
function  nor  eNOS  activity  has  been  determined, 
it  is  not  possible  to  rule  out  a  possible  functional 
impairment  of  the  endothelium  after  BCNR 
despite  unaltered  expression  of  eNOS. 
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Perhaps  the  most  intriguing  observation  is  the 
time  course  of  iNOS  induction  by  BCNR,  which 
seems  to  follow  the  nNOS  decrease  in  the  nitrer- 
gic  nerves  but  peaks  at  30  days.  This  is  long  after 
apoptosis  has  reached  a  maximum  at  3  days,  thus 
ruling  out  the  possibility  that  this  cell  death  is 
triggered  by  nitric  oxide  from  iNOS,  a  compound 
that  is  usually  considered  as  proapoptotic  [26,27]. 
However,  there  is  evidence  that  nitric  oxide  can 
in  fact  be  antiapoptotic  according  to  tissue  and 
physiological  conditions  [28].  Alternatively,  this 
sustained  increase  of  iNOS  expression  may  be 
responsible  for  the  observed  reduction  of  the  com¬ 
pensatory  cell  proliferation  in  the  corpora  after 
BCNR,  based  on  the  fact  that  both  nitric  oxide  and 
cGMP  are  considered  to  be  antiproliferative  for 
the  SMC  in  the  arterial  media  [29].  However,  this 
possibility  appears  to  be  ruled  out  by  our  previous 
results  with  N6-(l-iminoethyl)-L-lysine  dihydro¬ 
chloride  (L-NIL),  an  inhibitor  of  iNOS  activity 
[11,15].  At  least  at  45  days  after  BCNR,  a  steady 
iNOS  inhibition  by  daily  oral  L-NIL  significantly 
reduced  the  SMC/collagen  ratio,  thus  suggesting 
that  iNOS  is  acting  by  protecting  the  SMC  or 
inhibiting  collagen  deposition,  which  would  be 
in  agreement  with  the  cardioprotective  effects  of 
nitric  oxide,  cGMP,  and  iNOS  on  cardiomyocytes 
during  ischemia  reperfusion  pre  or  postcondition¬ 
ing  [30-32],  iNOS  may  not  only  be  produced  by 
smooth  muscle  cells,  since  macrophages  and  inter¬ 
stitial  fibroblasts  are  also  known  to  express  this 
protein  upon  induction.  No  colocalization  studies 
for  iNOS  and  ASMA  were  performed  in  this  work, 
and  therefore  it  cannot  be  ruled  out  that  iNOS 
synthesis  in  the  corpora  occurs  also  in  cell  types 
other  than  the  smooth  muscle  cells.  In  addition, 
it  is  not  surprising  that  a  steady  increase  in  iNOS 
would  occur  in  the  presence  of  a  sustained  decline 
in  the  overall  content  of  the  putative  cell  type 
where  iNOS  is  induced,  since  iNOS  expression 
is  due  to  transcriptional  stimulation,  which,  by  a 
steady  increase  within  each  cell  and  the  cumulative 
production  of  nitric  oxide,  can  substantially  exceed 
the  rate  of  cell  loss. 

However,  since  CVOD  and  fibrosis  do  develop 
in  BCNR  despite  the  steady  iNOS  production, 
this  process  is  apparently  insufficient  to  counter¬ 
act  the  factors  that  trigger  “corporal  dystrophy” 
(fibrosis  and  SMC  loss),  a  term  that  we  propose  as 
analogous  to  skeletal  muscle  dystrophy. 

This  leads  to  the  fundamental  question  regard¬ 
ing  which  factors  triggered  by  the  neuropraxia 
are  responsible  for  causing  corporal  SMC  dystro¬ 
phy.  The  most  likely  is  the  interruption  of  the 


secretion  of  neurotrophins,  which,  in  addition  to 
their  effects  on  neural  tissue  [33,34],  are  postu¬ 
lated  to  stimulate  smooth  muscle  hyperplasia, 
particularly  in  the  respiratory  airways  and  the 
intestine  [35,36].  This  depletion  may  cause  the 
downregulation  of  SMC  proliferation  triggered 
by  a  spontaneous  defense  mechanism  against 
neuropraxia.  Conversely,  the  induction  of  cytok¬ 
ine  release,  mainly  TNFa  and  TGF|31,  that  are 
proapoptotic  and  fibrotic  factors  and  activate 
the  proteasome  ubiquitin  proteolytic  pathway, 
is  a  recognized  feature  of  Wallerian  degenera¬ 
tion  [37],  and  it  underlies  at  least  in  part  tbe  skel¬ 
etal  muscle  atrophy  subsequent  to  denervation 
[38,39].  However,  the  lack  of  neuromotor  dis¬ 
charge  and  activity  may  also  be  an  essential  factor 
in  this  atrophy. 

Irrespective  of  the  mechanism  that  triggers 
fibrosis  and  SMC  loss  subsequent  to  cavernosal 
nerve  damage,  three  things  became  obvious 
through  this  work.  First,  that  it  is  the  early 
histopathological  impairment  within  the  corpora 
smooth  muscle  that  leads  later  to  the  functional 
impairment,  CVOD.  It  may  require  a  certain 
threshold  in  the  smooth  muscle/collagen  ratio 
that  below  that  threshold,  the  functional  impair¬ 
ment  becomes  evident  Therefore,  in  the  clinical 
setting,  an  early  therapeutical  intervention  to 
reduce  apoptosis  of  the  corporal  SMC  or  sustain 
their  initial  proliferation  response,  would  be  war¬ 
ranted,  e.g.,  immediately  after  radical  prosta¬ 
tectomy.  Second,  since  iNOS  induction  appears 
to  be  an  endogenous  antifibrotic  and  protective 
response  on  the  smooth  muscle,  the  early  therapy 
may  be  based  on  pharmacological  agents  that 
mimic  this  process,  such  as  the  continuous  long¬ 
term  administration  of  PDE5  inhibitors  we  have 
studied  in  rats  [10-13,33,40],  or  of  nitric  oxide 
generators  [41,42],  or  in  men  for  a  combination 
of  both  types  of  compounds  [43].  Such  a  thera¬ 
peutic  modality  may  be  accompanied  with  neu- 
rotrophin  administration,  such  as  BDNF  [34],  in 
an  attempt  to  restore  the  anabolic  signals  to  the 
smooth  muscle  that  endogenous  neurotrophic 
factors  are  no  longer  mediating.  Third,  since  our 
experimental  model  of  BCNR,  where  the  caver¬ 
nosal  nerves  are  both  completely  resected,  may 
not  be  very  representative  of  the  cavernosal  nerve 
injury  that  may  occur  with  pelvic  surgery,  in 
which  the  nerves  may  only  be  partially  damaged, 
it  is  possible  that  axonal  regeneration,  which  does 
not  seem  to  occur  after  BCNR  within  the  time 
course  of  this  study,  may  occur  with  radical  pel¬ 
vic  surgery,  particularly  with  the  nerve  sparing 
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procedures.  As  such,  the  treatments  described 
above  to  prevent  the  histological  changes  in  the 
corpora  may  also  be  efficacious  in  stimulating 
axonal  regeneration. 
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ABSTRACT - 

Introduction.  Penile  fibrosis  has  been  conceptually  identified  with  the  plaque  that  develops  in  the  tunica  albuginea 
in  Peyronie’s  disease  (PD),  or  with  localized  processes  induced  in  the  corpora  cavernosa  by  ischemic  or  traumatic 
events.  Recently,  it  has  been  proposed  that  a  diffuse,  progressive,  and  milder  intracorporal  fibrosis,  which  affects  also 
the  media  of  the  penile  arteries,  is  responsible  for  vasculogenic  erectile  dysfunction  (ED)  associated  with  aging, 
smoking,  diabetes,  hypertension,  and  post-radical  prostatectomy.  These  processes  differ  in  etiology,  time  course, 
target  cells,  and  treatment,  but  have  many  features  in  common. 

Aim.  T>  review  the  literature  pertaining  to  fibrosis  in  the  penis,  related  to  PD  and  ED. 

Methods.  PubMed  search  for  pertinent  publications  mainly  during  2001-2008. 

Residts.  This  review  focuses  initially  on  PD  and  then  deals  with  studies  on  ED  in  animal  and  cell  culture  models, 
discussing  some  of  the  pathophysiological  similarities  between  tunical  fibrosis  in  PD  and  corporal  fibrosis  in  corporal 
veno-occlusive  dysfunction  (CVOD),  and  emerging  therapeutic  strategies.  The  role  of  profibrotic  factors,  the 
excessive  deposit  of  collagen  fibers  and  other  extracellular  matrix,  the  appearance  of  a  synthetic  cell  phenotype  in 
smooth  muscle  cells  or  the  onset  of  a  fibroblast-myofibroblast  transition,  and  in  the  case  of  the  corporal  or  penile 
arterial  tissue  the  reduction  of  the  smooth  muscle  cellular  compartment,  are  discussed.  This  histopathology  leads 
either  to  localized  plaques  or  nodules  in  penile  tissues,  or  to  the  diffuse  fibrosis  causing  impairment  of  tissue 
compliance  that  underlies  CVOD  and  arteriogenic  ED.  The  antifibrotic  role  of  the  sustained  stimulation  of  the 
nitric  oxide/cyclic  guanosine  monophosphate  pathway  in  the  penis  and  its  possible  relevance  to  exogenous  and 
endogenous  stem  cell  differentiation  is  also  briefly  presented. 

Conclusions.  Fibrotic  processes  in  penile  tissues  share  a  similar  cellular  and  molecular  pathophysiology  and  common 
endogenous  mechanisms  of  defense  that  have  inspired  novel  pharmacological  experimental  approaches.  Gonzalez- 
Cadavid  NF.  Mechanisms  of  penile  fibrosis.  J  Sex  Med  2009;6(suppl  3):353-362. 
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Introduction 

The  topic  of  urogenital  fibrosis  is  dominated 
by  the  considerable  significance  of  tubuloint¬ 
erstitial  fibrosis  and  glomerulosclerosis  in  chronic 
kidney  disease,  mainly  diabetic  nephropathy  [1,2], 
and  of  postsurgical  adherences  [3],  but  very  litde 
attention  has  been  focused  on  fibrotic  processes  in 
other  urogenital  disorders.  Until  recently,  penile 
fibrosis  was  assumed  to  be  limited  to  the  Peyro¬ 
nie’s  disease  (PD)  plaque  in  the  tunica  albuginea 
[4]  or  to  the  comparatively  rare  events  subsequent 
to  tissue  insults  such  as  intracorporeal  injection  or 


prolonged  priapism  [5].  However,  in  the  last  few 
years,  it  has  become  evident  that  fibrosis  of  the 
corpora  cavernosa  and  the  media  of  penile  arteries, 
involving  loss  of  smooth  muscle  cells  (SMC),  is  a 
highly  prevalent  process  that  underlies  most  cases 
of  vasculogenic  erectile  dysfunction  (ED)  (see  e.g., 
[6-10]).  Therefore,  the  study  of  fibrosis  may 
provide  a  unifying  view  on  the  two  most  prevalent 
disorders  affecting  the  penis,  even  if  located  in 
different  tissues.  This  presentation  discusses  some 
selected  results,  focusing  on  the  contributions 
from  our  group  at  the  University  of  California, 
Los  Angeles. 
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•  Excessive  accumulation  and  disorganization 

of  collagen  fibers  and  other  extracellular  matrix, 
with  reduction  of  cell  number  and,  usually, 
myofibroblast  accumulation 

•  Diffuse  or  localized  in  most  organs;  also  in 
abnormal  wound  healing 

•  Leads  to  tissue  and  organ  dysfunction 

•  Subsequent  to  acute  injury  or  chronic 
inflammation,  with  release  of  cytokines 
(transforming  growth  factor  beta  1), 
plasminogen  activator  inhibitor  1,  and  oxidative 
stress  (reactive  oxygen  species) 

Figure  1  Main  features  of  the  fibrotic  process. 

The  excessive  deposition  of  collagen  and  extra¬ 
cellular  matrix  (ECM)  accompanied  by  the  loss  of 
functional  cells  that  characterize  tissue  fibrosis,  is 
due  in  some  cases  to  the  appearance  and  accumu¬ 
lation  of  myofibroblasts  or  in  other  cases  to  the 
switch  to  a  synthetic  phenotype  producing  ECM 
of  the  original  cell  components,  such  as  fibroblasts 
and/or  SMC  in  the  penis  (Figure  1).  The  main 
factor  in  eliciting  these  cellular  alterations  is  an 
insult  to  the  tissue,  be  it;  (i)  acute  and  localized,  in 
a  specific  site  in  the  tunica  albuginea  in  PD 
[11,12];  (ii)  acute  and  diffuse  throughout  the 
corpora  such  as  in  cavernosal  nerve  damage  after 
radical  prostatectomy  [8,13-19];  or  (iii)  chronic 
and  also  diffuse  throughout  the  corpora  and  the 
penile  arteries  wall  such  as  in  aging,  diabetes,  and 
heavy  smoking  [9,10,20-26].  The  corporal  and 
arterial  alterations  lead  to  corporal  veno-occlusive 
dysfunction  (CVOD),  the  most  prevalent  form  of 
vasculogenic  ED  [2  7]  that  can  be  measured  in  the 
rat  by  cavern osometry  [28].  The  initial  insult  to 
any  of  these  penile  tissues  results  in  the  release  of 
profibrotic  factors,  mainly  transforming  growth 
factor  beta  1  (TGF(31),  plasminogen  activator 
inhibitor  1  (PAI-1),  and  reactive  oxygen  species 
(ROS)  leading  to  oxidative  stress,  that  may  be  in 
some  cases  exacerbated  by  chronic  inflammation. 
This  is  remarkably  similar  to  what  occurs  in  the 
more  widely  studied  diffuse  fibrosis  in  kidney, 
lung,  liver,  and  skin,  or  the  localized  processes  in 
abnormal  wound  healing  leading  to  scars  or  myo¬ 
cardial  infarction  [1,29-33]. 

Fibrosis  of  the  Tunica  Albuginea  in 
Peyronie’s  Disease 

The  main  culprit  of  fibrosis  in  PD  is  the  myofi¬ 
broblast,  that  is  key  for  normal  wound  healing  but 
is  eliminated  by  apoptosis  after  the  tissue  is  healed; 


when  this  does  not  occur,  fibrosis  develops  [33].  It 
is  likely  that  the  same  occurs  in  vascular  and  cor¬ 
poral  fibrosis,  but  the  difficulties  in  differentiating 
myofibroblasts  from  SMC  have  not  yet  allowed 
their  proper  identification.  Experimental  studies 
in  PD  were  based  in  the  combination  of  two 
human  models  (the  PD  plaque  and  its  normal 
tunical  counterpart,  and  cell  cultures  derived  from 
these  tissues)  and  two  animal  models  where  the 
lesion  was  elicited  by  either  TGFpi  or  fibrin  [34] 
(Figure  2).  They,  together  with  those  of  MulhalPs 
group  [35,36],  have  shown  the  appearance  and 
persistence  of  myofibroblasts  in  PD  and  have  clari¬ 
fied  some  of  their  features. 

In  those  earlier  studies,  we  showed  that  oxida¬ 
tive  stress  and  PAI-1  increase  in  the  PD  plaque, 
and  very  important,  that  the  inducible  nitric  oxide 
synthase  (iNOS)  isoform  that  produces  nitric 
oxide  (NO)  and  is  usually  considered  a  defense 
mechanism  against  infection  or  cancer  and  is  asso¬ 
ciated  with  inflammation,  is  remarkably  increased 
in  the  human  and  animal  plaques  [11,37-43].  This 
was  illustrated  by  the  simultaneous  increase  of 
iNOS  and  an  antioxidant  enzyme  in  the  fibroblasts 
of  the  human  PD  plaque  evaluated  by  immuno- 
histochemistry/quantitative  image  analysis  (QIA) 
and  by  the  reduction  of  the  PD-like  plaque  stained 
for  collagen  by  Masson  trichrome  and  QIA.  More¬ 
over,  the  plaques  are  not  an  irreversible  dead-end 
but  are  in  a  constant  state  of  molecular  and  cellular 
turnover,  as  determined  by  DNA  microarrays, 
involving  a  balance  between  fibrotic  and  antifi- 
brotic  mechanisms  [44,45]  (Figure  3). 

The  accumulation  of  myofibroblasts  in  the 
fibrotic  PD  plaque  was  detected,  as  compared  with 
the  normal  tunica  albuginea,  by  immunohis- 
tochemical  staining  and  quantitative  image  analy¬ 
sis  for  a-smooth  muscle  actin  (ASMA),  a  marker 
of  both  myofibroblasts  and  SMC,  and  also  by 
Western  blot.  Cell  cultures  followed  by  both  types 
of  assays  confirmed  these  findings  [35,36,39].  The 
spontaneous  chronic  induction  of  iNOS,  a  leitmo- 

•  PD  plaque  and  tunica  albuginea  tissues  in 
men 

•  Fibroblast  cultures  from  tissues 

•  First  rat  model  (1997,  UCSF):  PD-like  plaque 
in  the  rat  tunica  by  transforming  growth  factor 
beta  1  (TGFpi)  peptide 

•  Second  rat  model  (2003,  UCLA):  fibrin 
injection  in  the  rat  tunica,  eliciting  TGFpi 

Figure  2  Models  for  studying  fibrosis  in  Peyronie's  disease 
(PD). 
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•  Excessive  deposition  of  collagen  fibers, 
oxidative  stress,  and  persistence  of 
myofibroblasts,  seen  in  other  fibrosis  (2002- 
3,  UCLA) 

•  Spontaneous  expression  of  inducible  nitric 
oxide  synthase  leading  to  a  sustained  output  of 
nitric  oxide  protecting  against  oxidative  stress 
and  fibrosis  (UCLA,  2002-3) 

•  The  PD  plaque  is  under  a  steady  cellular 
and  molecular  turnover  (2003-5,  UCLA) 

Figure  3  The  PD  plaque  as  a  model  of  localized  penile 
fibrosis. 

tif  of  other  fibrosis,  was  postulated  by  us  to  be  an 
antifibrotic  mechanism,  based  essentially  on  the 
exacerbation  of  fibrosis,  myofibroblast  production, 
and  oxidative  stress  in  the  rat  PD-like  plaques 
by  blockade  of  iNOS  activity  with  L-N-(l- 
iminoethyl)-lysine  acetate  (L-NIL),  and  con¬ 
versely  of  their  reduction  by  gene  transfer  of  iNOS 
complementary  DNA  (cDNA)  to  the  plaque 
[38,39,42]  (Figure  4). 

This  led  us  to  postulate  that  the  steady  produc¬ 
tion  of  NO  from  iNOS  quenches  ROS,  producing 
peroxynitrite  that  reduces  the  levels  of  profibrotic 
ROS,  and  on  the  other  hand  NO  from  iNOS  causes 
myofibroblast  apoptosis.  NO,  as  well  as  its  product, 
cyclic  guanosine  monophosphate  (cGMP),  also 
inhibits  collagen  synthesis  directly  as  demonstrated 
in  fibroblast  cultures  from  the  normal  human 
tunica  [39].  The  pharmacological  implication  was 
that  phosphodiesterase  type  5  (PDE5)  inhibitors, 
by  elevating  the  content  of  cGMP  in  penile  tissues, 
would  reverse  the  plaque  and  combat  myofibroblast 
accumulation.  First  with  sildenafil,  and  later  with 
vardenafil  given  from  the  induction  of  the  plaque 
and  even  after  it  was  formed,  we  showed  by 
immunocytochemistry/QIA  that  ASMA  staining 
was  considerably  reduced,  as  well  as  plaque  size  and 
oxidative  stress  [46-48] . 

TGF(31  may  be  the  main,  but  is  not  the  only 
profibrotic  factor  involved  in  the  development 

•  iNOS  spontaneous  induction  in  the  rat  PD- 
like  plaque  as  in  the  human  PD  (2000, 

Tulane;  2002,  UCLA) 

•  iNOS  inhibition  in  the  rat  models 
increases  fibrosis,  myofibroblasts,  and 
oxidative  stress  (2002-3,  UCLA) 

•  iNOS  induction  by  gene  transfer  inhibits 
these  processes  (2004-5,  UCLA) 

Figure 4  Inducible  nitric  oxide  synthase  (iNOS)  is  an  anti¬ 
fibrotic  factor  in  Peyronie's  disease  (PD). 


Basic  premise:  shift  tissue  turnover  to: 

•  predominance  of  collagen  breakdown  over 
synthesis 

•  predominance  of  myofibroblast  apoptosis  over 
proliferation 

•  switch  off  myofibroblast  and  osteoblast 
differentiation  from  stem  cells 

Figures  Novel  pharmacological  strategies  for  PD. 

of  the  plaque.  Very  recently  we  showed  by 
immunohistochemistry/QIA  that  another  member 
of  this  superfamily  that  comprises  activins,  myo- 
statin  or  GDF-8,  is  considerably  expressed  in  the 
human  PD  plaque,  mainly  in  myofibroblasts  [49]. 
By  using  cDNA  for  myostatin,  we  demonstrated 
in  the  rat  model  that  myostatin  per  se  induced 
a  plaque  or  exacerbated  the  one  produced  by 
TGFpi  as  shown  by  Masson  trichrome/QIA. 
Flowever,  this  effect  was  ancillary  to  the  action  of 
TGF[il  and  not  essential,  as  blocking  myostatin 
production  with  a  small  hairpin  RNA  (shRNA) 
against  this  protein  did  not  affect  the  size  of  the 
TGFpi -induced  plaque. 

These  studies,  and  particularly  the  concept  that 
fibrosis  is  not  irreversible,  that  the  key  target  cell  is 
the  myofibroblast,  and  that  it  appears  to  originate 
from  stem  cells  that  are  present  in  the  tunica 
albuginea  and  originate  other  cell  lines,  justify  to 
investigate  novel  strategies  for  the  pharmacologi¬ 
cal  therapy  of  PD  to  block  these  processes,  par¬ 
ticularly  the  modulation  of  stem  cell  or  progenitor 
cells  in  the  tunica  [25,43]  (Figure  5). 

Fibrosis  of  the  Corporal  Tissue  and  Arterial  Media 
Associated  with  Vasculogenic  ED 

As  stated  initially,  fibrosis  of  the  corporal  smooth 
muscle  and  the  penile  arteries  media  has  emerged 
as  the  predominant  underlying  cause  of  ED  caused 
by  the  most  diverse  risk  factors  [5-10,13-26] 
(Figure  6).  iNOS  plays  here  the  same  antifibrotic 
role  occurring  in  PD,  and  even  in  the  diabetic 
vagina  [50]  that  can  be  exploited  pharmacologi¬ 
cally  with  similar  approaches  to  the  ones  used  for 
PD  [51].  This  is  shown  by  the  fact  that  corporal 
fibrosis  measured  by  Masson  trichrome/QIA  for 
the  SMC/collagen  ratio  (the  inverse  ratio  of  the 
one  used  for  PD  where  collagen/extracellular  ratio 
was  measured)  and  by  hydroxyproline  determina¬ 
tions  in  penile  tissue  hydrolyzates,  presents  during 
aging  of  the  iNOS  knockout  (ko)  mouse  where 
iNOS  expression  is  genetically  abrogated,  already 
in  the  young  adult  stage  (8  months  of  age)  [52]. 
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•  Most  common  form  of  ED  is  corporal  veno- 
occlusive  dysfunction  (CVOD) 

•  Associated  with  aging,  diabetes,  cavernosal 
nerve  damage,  and  possibly  low  testosterone 

•  CVOD  is  caused  by  fibrosis  of  the  smooth 
muscle  of  the  corpora  cavernosa  and  the 
media  of  the  penile  arteries 

•  Inducible  nitric  oxide  synthase,  as  in 
Peyronie's  disease,  plays  an  antifibrotic  role 
that  can  be  mimicked  pharmacologically 

Figure  6  The  predominant  underlying  cause  of  erectile 
dysfunction  (ED)  is  diffuse  corporal  tissue  fibrosis. 


This  continues  throughout  the  life  span,  whereas 
in  the  wild  type  animal  there  is  a  progressive  but 
mild  fibrosis  peaking  at  20  months  of  age.  A 
similar  exacerbation  of  fibrosis  by  iNOS  deletion 
is  seen  in  the  iNOS  ko  mouse  rendered  diabetic  by 
streptozotocin  injection  [53]. 

The  corporal  fibrosis,  denoted  in  the  trabecular 
tissue  of  the  corpora  containing  the  SMC,  by 
the  decrease  of  the  SMC/collagen  ratio  and  of  the 
ASMA  positive  staining,  is  also  evident  in  the 
experimental  rat,  specifically  in  the  models  for 
aging,  diabetes,  and  castration  as  compared  with 
their  respective  controls  [9,20—2  3,25,28].  These 
histological  alterations  underlie  CVOD,  as  mea¬ 
sured  by  dynamic  infusion  cavernosometry  par¬ 
ticularly  in  terms  of  the  drop  rate. 

As  in  the  case  of  PD,  long-term  continuous 
treatment  for  2  months  of  aged  rats  (20-month 
old)  with  an  oral  PDE5  inhibitor,  in  this  case 
sildenafil,  in  the  drinking  water  corrects  CVOD 
as  shown  by  cavernosometry  after  a  3 -day 
washout  [9],  and  the  same  occurs  with  a  peroxi¬ 
some  proliferator  activated  receptor  y  (PPARy) 
agonist,  pioglitazone,  that  presumably  acts  via 
an  antioxidant  and  anti-inflammatory  mechanism 
on  both  aged  and  diabetic  rats  [22,23].  This 
is  accompanied,  as  expected,  by  a  substantial 
increase  of  corporal  SMC  determined  by  ASMA 
immunohistochemistry/ QIA. 

The  CVOD  occurs  also  in  adult  rats  after  bilat¬ 
eral  cavernosal  nerve  resection  (BCNR)  that 
mimics  the  cavernosal  nerve  damage  in  men  after 
non-nerve  sparing  radical  prostatectomy,  and  this 
develops  gradually  as  a  consequence  of  the  neuro- 
praxia,  with  is  first  manifestation  seen  between  1 5 
and  30  days  after  BCNR.  This  functional  alter¬ 
ation  is  preceded  by  a  significant  decrease  in  the 
SMC/collagen  ratio  or  the  SMC  content  in  the 
corpora  at  7  and  3  days,  respectively,  after  BCNR 
[8,16-19].  The  loss  of  SMC  appears  to  result  from 


a  predominance  of  apoptosis,  determined  by  the 
TUNEL  procedure,  over  the  initial  bout  of  cell 
proliferation,  measured  by  immunohistochemistry 
for  proliferating  cell  nuclear  antigen,  that  aims  to 
counteract  the  apoptosis  already  seen  as  early  as  1 
day  after  BCNR  [19].  There  is  a  sustained  increase 
of  iNOS  that  peaks  at  30  days. 

Again,  as  in  the  case  of  the  aged  rat  and  PD,  the 
three  PDE5  inhibitors,  tadalafil,  sildenafil,  and 
vardenafil  given  as  a  sustained  oral  administration 
for  45  days  immediately  after  BCNR  prevent 
CVOD,  while  restoring  the  normal  SMC/collagen 
ratio  estimated  by  Masson/QIA  to  about  the  same 
extent  [8,16-18].  These  results  have  been  repli¬ 
cated  using  a  milder  nerve  injury  procedure  in  the 
cavernosal  nerve  crush  injury  model,  where  a  daily 
treatment  with  sildenafil  for  2  8  days  resulted  in  the 
protection  of  the  SMC/collagen  ratio  and  the 
endothelium,  and  the  improvement  of  the  electri¬ 
cal  field  stimulation  (EFS)  response  in  a  time-  and 
dose-dependent  fashion  [54].  Interestingly,  the 
three  PDE5  inhibitors  administered  orally  for 
short  periods  (up  to  36  hours)  to  normal  intact 
rats  also  increased  heme  oxygenase  activity,  which 
would  suggest  that  they  may  reduce  oxidative 
stress  and  hence  pro-fibrotic  ROS,  but  this  has  not 
yet  been  tested  in  any  of  the  corporal  fibrosis 
models  [55]. 

The  preservation  of  the  SMC  content  in  the 
corpora  may  also  be  exerted  by  antiapoptotic 
effects  of  other  agents  such  as  growth  differentia¬ 
tion  factor  5  (GDF-5)  or  the  immunophilin  ligand 
FK506  in  the  cavernosal  nerve  injury  model 
[56,57].  Similarly,  insulin-like  growth  factor  1 
(IGF-1)  given  to  aged  rats  for  4  or  8  weeks 
increased  the  percentage  of  corporal  SMC  and 
stimulated  the  erectile  response  to  EFS  [58]. 

The  SMC  fibrosis  is  not  restricted  to  the 
corpora,  because  during  aging  it  is  also  seen  in  the 
media  of  the  penile  arteries,  in  this  case  the  penile 
dorsal  artery  (PDA)  [10].  iNOS  is  also  overex¬ 
pressed  in  the  aged  arteries  and  its  blockade  leads  to 
an  increase  in  fibrosis  measured  by  SMC/collagen 
ratio.  An  identical  loss  of  SMC  and  increase  in 
apoptosis  occurs  in  the  PDA  and  the  aorta  in  the 
ZDF  rat,  a  model  for  type  2  diabetes  [24]. 

Integrated  View  of  Fibrosis  Mechanisms  in 
Penile  Tissues 

Figure  7  compiles  these  results  and  shows  that  in 
the  tunica  adventitia,  the  corpora  cavernosa,  and 
the  penile  arterial  media,  the  decrease  of  the 
cellular/collagen  ratio,  and  the  increase  of  total 
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resection;  C  =  collagen;  Condit  =  condition;  Diab  =  diabetes;  Myofib  = 
Figure  7  Cellular/extracellular  matrix  myofibroblast;  iNOS  =  inducible  nitric  oxide  synthase;  PD  =  Peyronie's 
balance  in  penile  fibrosis.  disease;  P  DA  =  penile  dorsal  artery;  T rabec  =  corporal  trabecular  tissue 


collagen  when  this  was  measured,  are  the  common 
denominators,  irrespective  of  the  type  of  tissue, 
the  animal  model,  or  the  pathological  outcome. 
ASMA,  a  dual  myofibroblast/SMC  marker,  is 
increased  when  there  is  myofibroblast  accumula¬ 
tion  in  the  tunica  in  PD,  but  reduced  when  the 
SMC  are  lost  in  the  corpora  or  the  arteries  in  the 
models  of  CVOD.  However,  because  of  the  duality 
of  ASMA  as  a  marker,  no  information  is  as  yet 
available  on  the  presence  of  myofibroblasts  in  the 
corporal  or  arterial  smooth  muscle,  as  they  cannot 
be  discriminated  with  ASMA  from  SMC.  Figure  8, 
in  turn,  shows  iNOS  induction  to  be  the  other 


common  denominator,  whereas  apoptosis  is  seen 
in  all  cases  of  corporal  fibrosis.  On  the  other  hand, 
TGFfil  induction  is  restricted  to  PD  or  the  vagina 
[1 1,38,50]  as  it  was  not  seen  as  a  significant  process 
in  the  penile  corpora  cavernosa  during  aging,  dia¬ 
betes,  or  BCNR.  Oxidative  stress  occurs  mainly  in 
PD  [11,38]  but  also  in  chronic  corporal  fibrosis  in 
diabetes  [23]. 

The  overall  lesson  from  all  these  models  is  the 
severe  alteration  of  the  cellular/ECM  balance 
observed  in  the  tunical  fibroblasts  and  the  corporal 
and  arterial  SMC,  with  myofibroblasts  being 
clearly  identified  in  the  PD  plaque  [37,41,47],  but 
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nosine  monophosphate  modulation 
of  the  fibrotic  phenotype  in  penile 
tissues. 
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not  as  yet  in  the  SMC  tissues,  as  this  may  be 
obscured  by  the  overall  reduction  in  SMC.  Simi¬ 
larly,  the  fibrotic  process,  indicated  by  TGF|31  in 
some  cases,  oxidative  stress  and  the  proliferation/ 
apoptotic  ratio,  is  counteracted  by  the  antifibrotic 
induction  of  iNOS  and  its  products,  NO  and 
cGMP  (see  e.g.,  [34,41,51]).  This  is  supported  by 
the  fact  that  blocking  the  iNOS  endogenous 
mechanism  of  defense  with  L-NIL  exacerbates 
fibrosis  [9,10,38,39,42,52,53]  (Figure  9).  Also, 
inhibiting  the  action  of  members  of  the  TGF|3 
superfamily,  such  as  with  shRNA  for  myostatin 
[49]  or  the  TGF|31  blocker  decorin  ameliorates 
penile  fibrosis. 

Other  Novel  Therapeutic  Approaches  to  Prevent 
Fibrotic  Processes  in  Penile  Tissues 

An  emerging  approach  to  treat  corporal  fibrosis  is 
the  replacement  of  the  lost  SMC  by  implanted 
stem  cells  (that  can  also  be  engineered  ex  vivo  to 
express  antifibrotic  genes  [59,60]  (Figure  10).  We 
recently  showed  that  stem  cells  isolated  from  the 
skeletal  muscle  of  mice  can  be  implanted  into  the 
rat  corpora  cavernosa  of  old  rats  with  ED  and 
generate  SMC  [25].  By  undergoing  this  conver¬ 
sion,  the  muscle-derived  stem  cells  (MDSC)  cor¬ 
rected  the  ED  in  the  aged  rats  after  even  4  weeks, 
as  measured  by  electrical  field  stimulation  of  the 
cavernosal  nerve.  We  are  now  studying  the  ex  vivo 
gene  engineering  of  MDSC  with  a  series  of  genes 
directed  by  regulable  promoters  aimed  to  act 
via  different  antifibrotic  mechanisms:  elevation  of 


antifibrotic  nitric  oxide  or  cGMP  levels  (by  iNOS 
cDNA  or  PDE5  shRNA)  [61],  or  counteraction  of 
the  pro-fibrotic  myostatin  (by  myostatin  shRNA) 
[49,62,63].  The  blockade  of  the  Smad  pathway, 
which  is  a  common  downstream  signaling  mecha¬ 
nism  for  both  TGFpi  or  myostatin,  is  also  a 
potential  antifibrotic  strategy,  as  upregulation  of 
the  expression  of  TGFpi  and  phospho-activation 
of  the  Smad  pathway  was  shown  to  occur  in  the 
penis  of  the  rat  with  streptozotocin-induced  dia¬ 
betes  (a  model  for  type  1  diabetes)  [64].  Another 
promising  approach  is  via  the  modulation  of  met¬ 
alloproteinase  expression  by  overexpression  with 
the  respective  cDNA  [65]. 

Flowever,  perhaps  the  most  promising  and 
novel  approach  is  the  pharmacological  modula¬ 
tion  of  endogenous  stem  cells  in  the  penis  to 
produce  SMC  and  to  block  myofibroblast  gen¬ 
eration.  These  cells  have  been  identified  in  the 
rat  penile  tunica  albuginea  and  trabecular  tissue 
by  immunohistochemistry  and  immunofluores¬ 
cence  for  stem  cell  markers  such  as  Seal,  and  in 

•  Oxidative  stress  -►  cytokine  liberation  -► 
chronic  inflammation  -*■  fibrosis  -*■  loss  of 
functional  cells  and  tissue  compliance 

•  Cell  replacement  by  transplanted  stem  cells 
and/or  pharmacological  modulation  of 
endogenous  stem  cells 

•  Ex  vivo  engineering  for  modulating  stem  cell 
lineage  commitment 

Figure  10  Stem  cells  in  the  therapy  of  tissue  fibrosis  and 
remodeling. 
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cell  cultures  from  the  human  tunica  [25,43].  The 
latter  cultures  have  the  ability  in  vitro  to  generate 
different  cell  lineages.  We  have  identified  by 
DNA  microarrays  another  stem  cell  marker  in 
the  MDSC  used  for  the  previous  experiments  of 
stem  cell  implantation  in  the  penis  and  also  for 
vaginal  regeneration  [66].  This  is  Oct-4,  an 
embryonic  stem  cell  marker,  used  recently  to 
program,  together  with  three  other  embryonic 
stem  cell  genes,  fibroblasts  from  adult  skin  into  a 
multipotent  stage  similar  to  embryonic  stem  cells 
[67].  This  has  allowed  us  to  identify  putative 
stem  cells  in  penile  tissues  that  express  Oct-4  and 
may  be  or  may  be  not  identical  to  the  Scal+, 
CD34+  cells  previously  detected  by  us  [25,43], 
or  the  embryonic-like  stem  cells  detected  in  a 
variety  of  adult  tissues  [68],  These  endogenous 
stem  cells  may  be  good  candidates  for  antifibrotic 
pharmacological  modulation,  particularly  with 
agents  belonging  to  the  NO/cGMP  and  TGFpi 
pathway.  We  believe  that  this  approach  is  not  far¬ 
fetched  and  actually  more  feasible  than  regular 
gene  and  stem  cell  therapy  for  combating  penile 

•  Inhibit  myofibroblast  generation,  replenish 
smooth  muscle  cells,  counteract  fibrotic 
phenotype,  by: 

•  Nitric  oxide  generators 

•  Phosphodiesterase  type  5  inhibitors 

•  Anti-transforming  growth  factor  beta 
family/smad  agents 

•  Cell  differentiation  master  genes 

Figure  12  Pharmacological  modulation  of  endogenous 
stem  cell  differentiation  in  the  penis  to  counteract  fibrosis. 


fibrosis  and  restoring  the  normal  cell  compart¬ 
ments  in  both  the  corpora  and  the  tunica. 
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ABSTRACT - 

Introduction.  Despite  its  high  prevalence  and  impact  on  the  quality  of  life  of  patients,  and  that  it  is  an  excellent 
model  for  the  study  of  fibrotic  processes,  Peyronie’s  disease  (PD)  is  an  orphan  disease  in  biomedical  research.  The 
development  of  animal  and  cell  culture  models  has  advanced  substantially  the  understanding  of  its  molecular  and 
cellular  pathology  and  the  proposal  of  new  therapies. 

Aim.  To  review  the  literature  pertaining  to  the  use  of  these  models  for  the  study  of  PD. 

Methods.  PubMed  search  conducted  from  the  first  report  of  an  animal  model  for  PD. 

Results.  This  model,  based  on  the  finding  that  transforming  growth  factor  (31  (TGF(31)  is  overexpressed  in  the  PD 
plaque,  consists  on  the  injection  of  TGFJ31  into  the  tunica  albuginea  of  the  rat.  This  leads  to  a  PD-like  plaque 
retaining  many  of  the  histological  and  biochemical  features  of  human  PD.  Another  rat  model,  based  on  the 
hypothesis  that  the  PD  plaque  arises  from  trauma  to  the  penis,  causing  fibrinogen  extravasation  that  initiates  as  fibrin 
a  fibrotic  response,  consists  on  injection  of  fibrin  into  the  tunica.  The  cell  culture  model  is  based  on  the  demon¬ 
stration  that  myofibroblasts  are  abundant  in  the  human  PD  plaque. 

Conclusions.  These  models  have:  (i)  clarified  the  role  of  microtrauma,  myofibroblasts,  and  oxidative  stress  in  plaque 
development;  (ii)  demonstrated  that  this  tissue  is  under  sustained  turnover  by  fibrotic  and  antifibrotic  mechanisms; 
(iii)  showed  the  interplay  of  collagenolytic  and  fibrinolytic  systems  and  their  inhibitors;  (iv)  detected  an  endogenous 
antifibrotic  process  consisting  of  the  expression  of  inducible  nitric  oxide  synthase  that  counteracts  oxidative  stress, 
collagen  synthesis,  and  myofibroblast  generation;  (v)  characterized  the  antifibrotic  effects  of  chronic  treatment  with 
phosphodiesterase  type  5  (PDE5)  inhibitors;  (vi)  discovered  the  cytogenetic  instability  of  PD  cells  and  alterations  in 
their  gene  expression;  and  (vii)  detected  stem  cells  in  the  tunica  albuginea  with  a  potential  role  in  fibrosis  and 
ossification.  Gonzalez-Cadavid  NF,  and  Rajfer  J.  Experimental  models  of  peyronie’s  disease.  Implications  for 
new  therapies.  J  Sex  Med  2009;6:303-313. 

Key  Words.  Fibrosis;  TGF|3;  Penis;  Myofibroblast;  PDE5;  Myostatin 


Introduction 

Except  to  urologists,  Peyronie’s  disease 
(PD)  [1-3]  is  a  relatively  unknown  condition, 
although  recent  studies  suggest  that  it  may  occur 
in  up  to  9%  of  the  male  population  [4,5].  Because 


of  its  impact  on  male  sexual  health,  PD  can  seri¬ 
ously  affect  the  quality  of  life  of  patients  and  their 
partners  [6].  Although  it  was  described  nearly  250 
years  ago,  there  still  is  no  satisfactory  medical 
treatment  for  PD.  This  is  primarily  because  com¬ 
paratively  few  research  efforts  have  been  focused 
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on  the  cellular  and  molecular  pathology  of  this 
disorder,  which  is  the  prerequisite  for  finding 
potential  therapeutic  targets. 

The  fibrotic  lesion  or  plaque  of  PD  that  devel¬ 
ops  in  the  tunica  albuginea  of  the  penis,  causing 
penile  curvature  and  very  often  pain  and  erectile 
dysfunction,  recapitulates  the  sequence  of  events 
that  characterize  the  development  of  tissue  fibrosis 
in  general.  These  are  essentially  an  initial  tissue 
insult  (trauma,  microtrauma,  or  local  toxicity),  fol¬ 
lowed  by  acute  and  then  chronic  inflammation  that 
leads  to  deposition  of  excessive  collagen  and  other 
extracellular  matrix,  fragmentation  of  elastin,  and 
persistence  of  myofibroblasts.  Fibrosis  may  then 
progress  to  partial  ectopic  calcification  or  ossifica¬ 
tion,  a  condition  that  is  also  seen  in  about  15% 
of  PD  patients  [3].  In  fact,  before  the  advent  of 
animal  models  for  PD,  and  based  purely  on  obser¬ 
vations  in  human  penile  tissue,  it  was  proposed 
that  the  PD  plaque  results  from  some  form  of 
trauma  or  microtrauma  to  the  tunica  albuginea, 
which  allows  for  the  accumulation  of  fibrin  into 
the  interstices  of  the  tunica  albuginea,  ultimately 
leading  to  an  abnormal  wound  healing  process  and 
formation  of  a  scar  [7,8].  Another  seminal  experi¬ 
mental  finding  was  the  report  of  increased  levels  of 
the  profibrotic  factor,  transforming  growth  factor 
pi  ( TGFjil ),  measured  within  the  PD  plaque  [9], 
an  observation  that  led  to  the  first  experimental 
animal  model  for  this  disease. 

The  TGFB1  model  was  first  proposed  in  1997 
by  the  University  of  California,  San  Francisco 
(UCSF)  group  led  by  Tom  Lue,  where  they 
injected  a  TGFpi-like  peptide  into  the  rat  penile 
tunica  albuginea  [10]  to  produce  a  PD-like  lesion. 
The  second  animal  model  for  PD  was  described 
in  2003,  when  Davila  et  al.  from  University  of 
California,  Los  Angeles  (UCLA)  reported  the  in¬ 
duction  of  a  PD-like  plaque  similar  to  that  of 
the  UCSF  group  just  by  injecting  fibrin  itself  into 
the  tunica  albuginea  of  the  rat  [11].  In  addition, 
cell  cultures  from  both  the  human  PD  plaque  and 
normal  tunica  albuginea  of  the  penis,  originally 
described  in  1982  by  Somers  et  al.  [12],  were  revis¬ 
ited  and  further  characterized  in  2000  by  Mulhall 
et  al.  and  have  been  proposed  as  an  in  vitro  model 
to  test  some  features  of  PD  cells  [13].  Taken 
together,  these  and  subsequent  studies  on  the 
animal  and  cell  models  performed  within  the  last 
decade  have  helped  to  provide  some  key  findings 
and  insights  into  the  etiology  and  molecular  and 
cellular  pathology  of  PD,  and  have  led  to  the  study 


of  some  potential  medical  treatments  based  on 
novel  mechanisms  as  discussed  below. 

The  clinical  significance  of  PD  and  the  sub¬ 
stantial  advancements  in  the  understanding  of  this 
disease,  including  the  proposed  novel  therapies 
facilitated  by  these  in  vitro  and  in  vivo  models, 
have  not  as  yet  spurred  substantial  funding 
for  basic  translational  research  on  these  topics. 
However,  it  is  hoped  that  this  will  soon  change, 
primarily  because  it  would  be  difficult  to  ignore 
the  fact  that  PD  turns  out  to  be  an  excellent  model 
to  study  the  processes  involved  in  tissue  fibrosis. 
Considering  how  many  human  disorders  ulti¬ 
mately  involve  some  aspect  of  fibrosis,  it  is  only  a 
matter  of  time  before  scientists  in  other  fields  dis¬ 
cover  the  importance  of  these  models,  not  just  for 
PD,  but  for  fibrosis  in  general. 

In  the  current  article,  we  have  reviewed  studies 
that  focused  on  the  development  and  application  of 
these  experimental  animal  and  cell  culture  models 
that  were  selected  in  PubMed  under  the  key  words 
“Peyronie’s,”  “Peyronie,”  and  even  “La  Peyronie,” 
and  were  published  over  the  last  decade. 

Experimental  Models 

Development  and  Early  Characterization 
of  the  TGFpi  Rat  Model 

Based  on  the  fact  that  TGF|31  is  one  of  the  main 
profibrotic  factors  in  multiple  tissues  [14]  and  the 
observation  of  an  increase  in  TGF(31  expression 
in  the  PD  plaque  [9],  Lue  et  al.  injected  various 
concentrations  of  a  synthetic  heptopeptide,  named 
“cytomodulin,”  claimed  as  having  TGFpi  activity, 
into  the  tunica  albuginea  of  rats.  Animals  were 
then  sacrificed  at  3  days,  2  weeks,  and  6  weeks  [10] 
following  the  cytomodulin  injection.  Histochem¬ 
istry  using  Hart  and  trichrome  stains  revealed,  in 
comparison  with  saline-injected  tissues,  that  at  6 
weeks,  there  was  substantial  chronic  cellular  infil¬ 
tration,  focal  and  diffuse  elastosis,  thickening  of 
the  tunica  albuginea,  disorganization  and  clump¬ 
ing  of  collagen  bundles,  and  expression  of  TGF|31, 
but  not  of  the  (32  and  P3  isoforms,  as  determined 
by  western  blot.  All  concentrations  of  cytomodulin 
induced  TGFpi  mRNA  expression  after  2  weeks. 
These  histological  features  seen  in  the  rat  tunica 
albuginea  following  the  cytomodulin  injection  are 
characteristic  of  what  is  seen  in  the  human  PD 
plaque. 

The  problem  for  other  investigators  to  dupli¬ 
cate  or  expand  on  these  findings  involving  cyto- 
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modulin  revolved  around  the  fact  that  its  amino 
acid  sequence  was  not  published  [15].  However,  a 
subsequent  article  from  this  same  group  showed 
that  the  recombinant  full-length  TGF(31  protein 
produced  similar  effects  on  the  tunica  as  the  cyto- 
modulin.  In  addition,  the  PD-like  plaque  induced 
by  the  TGF|31  protein  was  reduced  by  colchicine, 
a  drug  claimed  to  be  able  to  induce  collagenase  and 
to  reduce  myofibroblasts.  This  drug  has  been 
employed  clinically  for  the  early  phase  of  PD  [16]. 
The  efficacy  of  a  single  injection  of  TGF|31  to 
induce  a  chronic  inflammation  and  fibrosis  in  the 
tunica  is  probably  due  to  the  fact  that  this  factor  is 
able  to  promote  its  own  synthesis  by  feedback 
transcriptional  stimulation.  Very  interestingly,  sur¬ 
gical  injury  of  the  tunica  albuginea,  which  should 
mimic  microtrauma  in  men,  could  only  induce  his¬ 
tological  changes  similar  to  the  acute  phase  of  PD, 
but  not  to  its  chronic  development,  and  the  early 
up-regulation  of  TGFpi  protein  expression  was 
transient  [17]. 

The  TGF(31  -induced  model  of  PD  was  utilized 
by  two  other  groups  to  clarify  important  aspects  of 
the  etiology  and  pathology  of  the  fibrotic  PD 
plaque.  First  of  all,  in  2000,  the  Tulane  University 
group  showed  that  at  6  weeks  following  TGFpi 
injection  into  the  tunica  albuginea  of  the  rat, 
inducible  nitric  oxide  synthase  ( iNOS )  was  induced 
to  high  levels  of  expression  while  constitutive 
NOS  was  decreased,  as  measured  by  western  blots 
in  the  penile  tissue  homogenates  [18].  In  addition, 
penile  erection  induced  either  by  electrical  field 
stimulation  of  the  cavernosal  nerve  ( EFS)  or  by 
acetylcholine  was  reduced  following  formation  of 
a  PD-like  plaque  in  the  tunica.  Since  aminoguani- 
dine,  an  iNOS  inhibitor,  enhanced  the  erectile 
response  to  EFS,  it  was  concluded  that  iNOS 
induction  occurring  in  this  experimental  setting 
was  deleterious  to  corporal  smooth  muscle  relax¬ 
ation.  However,  it  should  be  reminded  that  nitric 
oxide  from  iNOS,  if  acting  at  all  on  the  erectile 
response,  may  possibly  stimulate  it  [19],  and  that 
aminoguanidine  can  also  inhibit  other  biological 
processes,  such  as  the  formation  of  advanced  gly- 
cosylation  end  products  [20,21],  which  contribute 
to  fibrosis  by  creating  collagen  crosslinks.  These 
caveats  complicate  the  interpretation  of  the  effects 
of  iNOS  expression  on  corporal  tissue,  and  on  the 
other  hand  do  not  clarify  its  role  in  the  develop¬ 
ment  of  fibrosis  in  the  tunica  albuginea. 

Subsequently,  the  same  group  supported  their 
early  study  by  showing  that  eNOS  protein 


and  gene  expression  were  downregulated  in  the 
corpora  cavernosa  of  the  rats  that  developed  a 
TGFpi -induced  plaque  in  the  tunica  albuginea, 
and  that  nitrotyrosine,  an  indicator  of  peroxyni- 
trite  formation,  was  considerably  increased  [22]. 
Peroxynitrite  results  from  the  reaction  of  nitric 
oxide  with  reactive  oxygen  species  ( ROS)  formed 
during  oxidative  stress,  and  is  pro-apoptotic,  so 
that  the  inference  continued  to  be  that  iNOS  was 
deleterious  to  the  corpora  cavernosa.  In  fact,  the 
authors  showed  that  arginase  II,  the  enzyme  that 
cleaves  L-arginine  and  therefore  reduces  the  NOS 
substrate  necessary  to  make  nitric  oxide,  was  con¬ 
siderably  increased  by  the  TGFpi  injection  into 
the  tunica  albuginea,  and  claimed  that  arginase 
II  was  also  induced  by  iNOS. 

Characterization  of  the  Role  of  the  Nitric  Oxide/ 
Cyclic  Guanosine  Monophosphate  (cGMP)/ROS 
Balance  in  the  TGFpi  Rat  Model  of  PD  and 
Applications  of  This  Model 

An  alternative  view  on  the  role  of  iNOS  sponta¬ 
neous  induction  in  the  TGFpi -elicited  PD-like 
plaque  in  the  rat  was  proposed  in  2002  by  Ferrini 
et  al.  from  UCLA  after  the  authors  noticed 
increased  fibrosis  and  plaque  formation  in  the 
penis  when  a  specific  inhibitor  of  iNOS,  L-N-(l 
iminoethyl)  lysine  acetate  (L-NIL),  was  given  to 
the  animals  for  six  weeks  following  the  TGFpi 
injection  into  the  tunica  albuginea.  From  this 
observation,  they  proposed  that  iNOS  operates  as 
an  antifibrotic  factor  in  this  setting  [23].  The 
hypothesis  that  iNOS  is  antifibrotic  is  consistent 
with  what  has  been  observed  in  other  tissues,  such 
as  the  heart,  liver  and  kidney,  when  fibrosis  devel¬ 
ops  after  these  tissues  have  been  exposed  to  both 
long-term  and  continuous  inhibition  of  total  nitric 
oxide  production  by  a  general  NOS  inhibitor 
such  as  Nomega-nitro-L-arginine  methyl  ester 
(L-NAME). 

The  first  assumption  of  Ferrini’s  article  was  that 
nitric  oxide  was  able  to  bind  to  ROS,  the  profi- 
brotic  compounds  produced  by  oxidative  stress,  in 
a  reaction  that  produces  peroxynitrite.  This  is  an 
apoptotic  but  presumably  nonfibrotic  compound. 
Nitric  oxide  produced  from  NOS  isoforms  would 
actually  quench  ROS,  which,  if  left  undisturbed, 
would  elicit  and  maintain  PD  plaque  development. 
The  second  assumption  was  that  this  nitric  oxide 
did  not  originate  from  nNOS  or  eNOS,  which 
are  localized  in  the  corpora  cavernosa  nerves  and 
endothelium  and  are  modulated  at  the  enzyme 
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activity  level  by  neurotransmission  or  hemody¬ 
namic  processes.  The  source  of  this  nitric  oxide 
would  be  the  iNOS  induced  within  the  tunical 
fibroblasts  via  transcriptional  activation  by  cytok¬ 
ines.  In  such  a  setting,  iNOS  can  produce  steady 
levels  of  nitric  oxide,  which  can  then  act  as  an 
endogenous  defense  mechanism  against  fibrosis. 
This  article  showed  that  in  the  human  PD  plaque, 
as  compared  with  normal  tunica,  iNOS  mRNA 
and  protein  were  both  induced.  This  induction 
occurred  in  parallel  to  collagen  deposition  that  was 
estimated  histochemically  and  by  hydroxyproline 
levels.  Both  oxidative  stress,  as  measured  by 
hemoxygenase-I,  and  nitric  oxide/ROS  reaction, 
as  measured  by  nitrotyrosinilation  of  proteins, 
accompanied  these  processes. 

To  test  the  role  of  iNOS  induction  in  this  experi¬ 
mental  setting,  the  specific  inhibitor  of  iNOS 
enzyme  activity,  L-NIL,  was  given  in  the  drinking 
water  continuously  for  45  days  to  rats  injected  into 
the  tunica  with  either  TGF|31  to  produce  the 
plaque  or  with  saline  as  a  control.  It  was  determined 
that  collagen  deposition  and  oxidative  stress  were 
dramatically  increased  while  peroxynitrite  was 
reduced  in  the  TGF(31  -injected  tunica  in  com¬ 
parison  with  saline-injected  controls.  This  iNOS 
induction  in  the  human  plaque  as  well  as  the  results 
of  the  L-NIL  experiments  suggested  that  iNOS 
was  acting  as  a  defense  mechanism  against  fibrosis. 

Further  proof  of  the  effect  of  iNOS  was 
obtained  when  in  both  the  human  PD  plaque  and 
the  TGFpi  PD-like  plaque  in  the  rat  model, 
myofibroblast  formation  was  shown  to  have  con¬ 
siderably  increased.  This  was  denoted  by  the  cells 
expressing  a-smooth  muscle  actin  ( ASMA ),  a 
marker  of  both  myofibroblasts  and  smooth  muscle 
cells,  as  compared  with  the  ones  expressing  vimen- 
tin,  solely  a  fibroblast  marker  [24].  Myofibrobast 
formation  occurred  in  tandem  with  an  increase  in 
collagen  synthesis,  as  detected  by  the  activation  of 
the  collagen  la  gene  promoter  in  a  recombinant 
DNA  construct.  This  promoter  directs  the  expres¬ 
sion  of  (3-galactosidase  as  a  reporter  protein,  which 
is  very  easy  to  detect  histochemically,  and  was 
injected  into  the  tunica  albuginea  of  the  saline  or 
TGFpi -injected  rats  1  week  before  sacrifice.  As 
expected,  chronic  administration  of  L-NIL  in¬ 
tensified  collagen  synthesis,  which  paralleled  the 
amount  of  ASMA  expression. 

Moreover,  cell  culture  experiments  based  on  the 
incubation  of  fibroblast  cultures  from  the  human 
PD  plaque  and  the  normal  tunica  albuginea  using 


L-NIL,  and  cGMP  and  nitric  oxide  donors, 
confirmed  these  results.  Although  myofibroblasts 
were  previously  detected  in  the  human  PD  plaque 
[13],  this  was  the  first  demonstration  in  vivo  and 
in  vitro,  and  in  the  human  PD  and  PD-like  plaque 
in  the  rat,  that  myofibroblasts  differentiated  from 
normal  tunica  albuginea  fibroblasts  and  increased 
during  plaque  formation.  Moreover,  this  showed 
that  both  cGMP  and  nitric  oxide  counteracted 
myofibroblast  accumulation.  Myofibroblasts  are 
key  cells  during  wound  healing,  which,  at  the 
completion  of  this  process,  are  normally  elimi¬ 
nated  by  apoptosis.  When  they  persist,  this  is 
abnormal,  and  such  persistence  leads  to  scar  for¬ 
mation  [25].  Moreover,  their  accumulation  in 
normal  tissues  is,  together  with  collagen  deposi¬ 
tion  and  oxidative  stress,  a  landmark  of  the  devel¬ 
opment  of  fibrosis. 

These  observations  led  to  the  natural  con¬ 
clusion  that  a  sustained  pharmacological  increase 
of  cGMP  and/or  nitric  oxide  by  a  long-term  con¬ 
tinuous  administration  of  drugs  such  as  the  PDE5 
inhibitors  and/or  nitric  oxide  generators,  should 
reduce  the  fibrotic  plaque  in  the  TGFp  1  rat  model 
of  PD.  Two  subsequent  articles  from  the  UCLA 
group  supported  such  a  hypothesis.  In  the  first 
one  [26],  sildenafil  (as  a  cGMP-dependent  PDE5 
inhibitor),  L-arginine  (as  a  NOS  substrate),  and 
pentoxifylline  (as  a  nonspecific  cAMP-dependent 
PDE  inhibitor)  were  given  separately  to  three 
groups  of  animals  in  the  drinking  water  for  the  45 
days  following  the  induction  of  a  plaque  in  the 
tunica  albuginea  by  TGF|3L  All  three  compounds 
prevented  the  appearance  of  the  PD-like  plaque 
when  assessed  by  collagen  deposition,  myofibro¬ 
blast  formation,  and  apoptosis  of  myofibroblasts. 
This  was  confirmed  in  vitro  in  the  cell  cultures 
from  the  human  tunica  albuginea  and  PD  plaque, 
in  parallel  to  the  expected  increase  of  cGMP  or 
cAMP  levels.  Moreover,  phosphodiesterase  type  5 
(sildenafil  target)  and  PDE4  (pentoxifylline  target) 
were  found  to  be  expressed  in  both  the  human  and 
rat  tunical  and  PD  tissues  and  in  their  respective 
cell  cultures.  To  our  knowledge,  this  was  the  first 
experimental  demonstration  of  an  antifibrotic 
effect  for  PDE5  inhibitors. 

Additional  similar  studies  were  performed  with 
another  PDE5  inhibitor,  vardenafil,  where  the  drug 
was  given  not  only  in  a  continuous  long-term  way 
in  the  drinking  water  as  was  done  with  sildenafil, 
but  also  in  a  more  natural  way  by  daily  single 
retrolingual  administration  [27].  With  this  daily 
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form  of  administration,  the  plaque  was  similarly 
inhibited.  Moreover,  in  this  study,  it  was  shown  for 
the  first  time  that  partial  regression  of  an  already 
formed  plaque  could  occur  when  vardenafil  is  given 
in  high  doses  for  14  consecutive  days,  beginning 
once  the  plaque  has  already  formed. 

Besides  these  two  aforementioned  PD  studies, 
our  group  has  provided  additional  experimental 
evidence  to  support  the  view  that  PDE5  inhibitors 
administered  on  a  long-term  treatment  do  indeed 
posses  antifibrotic  properties.  One  study  involved 
the  demonstration  that  the  normal  aging  related 
fibrotic  changes  in  the  corporal  tissue  can  be 
ameliorated  by  these  PDE5  inhibitors,  while  the 
second  series  of  experiments  involved  the  reduc¬ 
tion  of  fibrosis  of  the  corpora  that  follows  caver- 
nosal  nerve  injury  [28].  In  this  latter  model  of 
cavernosal  fibrosis,  PDE5  inhibitors  prevented  the 
onset  of  cavernosal  fibrosis  following  cavernosal 
nerve  injury  [29-31]. 

The  TGFpi -induced  rat  PD  model  also 
served  to  provide  the  initial  insight  into  the  role 
of  another  member  of  the  TGFp  family,  myosta- 
tin,  which  was  identified  in  the  human  PD  plaque 

[32] ,  Myostatin  or  GDF-8  (growth  and  differen¬ 
tiation  factor  8)  is  a  negative  regulator  of  skeletal 
muscle  mass  in  the  human  and  other  animals 

[33] .  It  modulates  the  entry  of  multipotent  stem 
cells  into  myogenesis  and  adipogenesis  [34],  and 
it  stimulates  the  development  of  the  fibrotic 
phenotype  of  myofibroblasts  from  these  multi¬ 
potent  cells  [35].  The  profibrotic  effects  of  myo¬ 
statin  were  confirmed  by  showing  that  a  cDNA 
expressing  this  protein  induced  per  se  a  PD 
plaque  in  the  tunica  albuginea  [32]  of  the  rodent, 
similar  to  that  seen  with  TGF[1 1 .  Although  both 
myostatin  and  TGFB1  signal  through  a  common 
Smad  pathway,  they  appear  to  act  independently 
in  causing  tunical  fibrosis  in  the  rat  model  of  PD. 
This  suggests  that  therapeutic  inhibition  of  the 
Smad  pathway,  or  common  binding  of  both  myo¬ 
statin  and  TGFpi  by  agents  like  decorin,  may  be 
an  effective  way  of  controlling  the  progression  of 
PD. 

A  recent  improvement  of  the  TGF|31  rat 
model  of  PD  appears  to  have  reduced  two  of 
its  major  shortcomings,  i.e.,  the  absence  of  penile 
curvature,  one  of  the  main  features  of  PD  in 
men,  as  well  as  a  calcification/ossification  process 
that  is  seen  in  15-25%  of  PD  patients  [36].  This 
was  based  on  the  administration  of  multiple 
injections  (at  0,  3,  and  6  days)  of  a  “low”  dose 


(1010  particles)  of  a  replication-deficient  adenovi¬ 
ral  construct  expressing  the  full-length  TGFpi 
protein,  which,  rather  than  just  a  standard  single 
TGFpi  injection,  or  a  single  injection  of  the 
TGFpi  construct  at  higher  doses,  or  a  single 
injection  of  the  recombinant  TGFpi  protein, 
caused  a  modest  but  evident  20-degree  bending 
of  the  rat  penis  at  6  weeks,  and  no  cartilage  for¬ 
mation  [37].  Unfortunately,  no  specific  markers 
of  ossification,  such  as  alkaline  phosphatase  or 
von  Kossa,  were  studied  by  these  investigators. 
A  similar  construct  expressing  reporter  protein 
p-galactosidase  instead  of  TGFpi  did  not  cause 
any  tunical  plaque,  curvature,  or  cartilage/bone 
formation.  Moreover,  the  plaque  trapped  inflam¬ 
matory  cells  in  the  tunica  and  the  loss  of  elastin 
fibers,  although  the  diagnostic  marker  TGFpi 
was  not  measured,  and  the  curvature  (but  not  the 
plaque)  disappeared  spontaneously  at  60  days. 
Interestingly,  in  this  model,  the  plaque  that  was 
sufficient  to  induce  penile  curvature  did  not, 
however,  lead  to  the  erectile  dysfunction,  which 
had  been  claimed  in  the  earlier  work  with 
TGFpi  protein  even  in  the  absence  of  any 
curvature  [18]. 

The  Fibrin-Induced  Model  of  PD  and 
the  Microtrauma  Hypothesis 

As  mentioned  above,  early  articles  had  proposed 
that  PD  was  caused  by  an  abnormal  wound  healing 
following  some  form  of  trauma  to  the  erect  penis, 
thus  equating  the  plaque  with  scar  tissue  [7,8].  It 
was  assumed  that  blood  proteins,  among  them 
fibrinogen,  would  be  released  from  the  injury  into 
the  fractured  tunica  albuginea  and  then  be  con¬ 
verted  into  fibrin.  Persistence  of  this  fibrin  by 
an  abnormal  inhibition  of  the  fibrinolytic  system 
would  trigger  initially  an  acute,  and  later,  a  chronic 
inflammatory  response,  with  the  subsequent  pro¬ 
duction  of  TGFpi,  reactive  oxygen  species,  and 
other  profibrotic  factors  that  would  then  induce 
the  development  of  the  fibrotic  plaque  that  char¬ 
acterizes  PD. 

In  an  attempt  to  mimic  this  process  in  an  animal 
model,  Davila  et  al.  injected  a  special  fibrin  prepa¬ 
ration  into  the  rat  tunica  albuginea  and  compared 
this  group  with  animals  that  were  injected  with 
TGFpi  alone,  with  saline  used  as  a  control  group, 
and  then  a  group  injected  with  both  fibrin  and 
TGFpi  [1 1].  A  fibrotic  plaque  was  induced  by  the 
fibrin  injection  as  early  as  3  weeks  (half  of  the  time 
required  for  plaque  formation  with  TGFpi  injec- 
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tion).  Fibrosis  in  this  fibrin  model  was  accom¬ 
panied  by  the  hallmarks  of  the  TGF|31 -induced 
plaque,  namely  TGF(31  expression,  oxidative 
stress,  myofibroblast  formation,  iNOS  induction, 
peroxynitrite  formation  and,  induction  of  plasmi¬ 
nogen  activator  inhibitor  1  ( PAI-1 ),  a  strong  indi¬ 
cator  that  inhibition  of  fibrinolysis  was  occurring. 
Indeed,  when  the  human  PD  plaque  was  then 
analyzed  for  the  presence  of  fibrin  and  PAI-1 ,  both 
were  identified  in  the  human  tissue,  thereby 
lending  credence  to  the  theory  that  the  fibrin- 
induced  PD-like  lesion  in  the  rat  tunica  albuginea 
was  a  potential  model  for  the  sequence  of  events 
occurring  in  the  development  of  human  PD. 

Confirming  the  assumption  that  iNOS  acts  in 
this  fibrin  model  as  an  antifibrotic  agent  in  the 
same  fashion  as  it  is  postulated  to  function  in  the 
d'GFpi  model,  gene  therapy  with  a  plasmid  con¬ 
struct  of  the  iNOS  cDNA  injected  in  the  tunica 
albuginea  of  rats  induced  regression  of  the  PD-like 
plaque  that  was  induced  with  fibrin  [3  8] .  In  addi¬ 
tion,  treatment  with  the  iNOS  cDNA  was  also 
associated  with  a  reduction  in  the  expression  of 
profibrotic  factors  and  oxidative  stress  markers. 

Cell  Culture  Models  of  PD  and  Tunica 
Albuginea  Stem  Cells 

Although  the  rat  models  have  been  pivotal  in 
understanding  the  molecular  and  cellular  pathol¬ 
ogy  of  PD,  cell  cultures  from  the  human  PD 
plaque  and  the  normal  tunica  albuginea  have  also 
provided  very  valuable  information,  particularly 
in  terms  of  myofibroblast  differentiation,  gene 
expression,  and  the  role  of  tunical  stem  cells. 
After  the  initial  description  of  myofibroblasts  in 
the  plaque  and  the  isolation  of  the  first  cell  cul¬ 
tures  from  this  tissue  [12],  no  further  studies 
were  conducted  until  2000,  when  different  cell 
cultures  were  characterized  from  the  plaques  of 
several  PD  patients  and  from  normal  human 
tunica  albuginea  [13].  The  cells  of  the  normal 
tunica  albuginea  were  shown  to  be  primarily 
fibroblasts.  In  the  PD  cell  cultures,  myofibro¬ 
blasts,  as  well  as  fibroblasts,  were  present,  and 
these  cells  demonstrated  cytogenetic  instability, 
excess  production  of  fibrogenic  cytokines,  and 
other  functional  alterations  [39-41].  It  was  pro¬ 
posed  that  PD  cell  cultures  could  be  useful  to 
devise  new  therapeutic  strategies  by  trying  to 
prevent  these  alterations. 

In  fact,  PD  and  tunical  cell  cultures  were  used  in 
an  already  cited  study  [24]  to  investigate  the  effect 


of  nitric  oxide  and  cGMP  on  collagen  synthesis, 
on  the  presence  of  PDE5  and  PDE4  in  these 
cells  [26],  and  on  the  up  regulation  of  monocyte 
chemoattractant  protein  1  ( MCP1 )  in  PD  cells  as 
compared  with  normal  tunical  cells  [42].  MCP1 
overexpression  had  been  also  characterized  by 
DNA  microarrays  and  confirmed  by  RT/PCR  and 
western  blot  in  human  plaque  tissue.  These  DNA 
microarrays  also  showed  overexpression  of  other 
cytokines,  collagen  synthesis,  markers  of  inflam¬ 
mation,  fibroblast  proliferation,  and  myofibroblast 
and  osteoblast  differentiation  [43 ,44] . 

This  was  followed  up  by  the  comparison  of  mul¬ 
tiple  gene  expression  in  the  respective  cells  and 
tissues  from  both  human  PD  and  normal  tunica 
albuginea,  and  in  Dupuytren’s  nodules,  a  condition 
associated  with  PD  [45].  The  pattern  of  alterations 
of  gene  expression  was  common  for  certain  gene 
families  for  the  PD  plaque  tissue  and  cultured  cells 
as  compared  with  the  Dupuytren’s  tissues,  using  as 
controls  the  respective  normal  tissues  and  cells. 
These  features  were  essentially  the  upregulation  of 
markers  of  myofibroblast  and  osteoblast  differen¬ 
tiation  as  indicators  of  fibrosis  and  calcification,  and 
paradoxically  of  collagen  degradation  (metallopro- 
teinases  2  and  9  (MMP  2  and  9),  thymosins),  and  of 
decorin,  an  anti-TGF|31  factor.  This  would  suggest 
that  in  PD  tissue,  there  appears  to  be  activation  of 
an  endogenous  antifibrotic  mechanism  additional 
to  iNOS  expression,  as  well  as  the  existence  of 
active  tissue  turnover.  The  presence  of  tissue  turn¬ 
over  within  a  scar  as  was  seen  in  the  PD  tissue 
implied  that  the  PD  plaque  composition  was  not  an 
irreversible  end  point  and  that  it  may  be  susceptible 
to  modulation  by  pharmacological  intervention 
targeting  the  balance  between  several  processes. 
These  include  at  least:  (i)  the  nitrosative  reaction 
and  oxidative  stress;  (ii)  the  TGF|3  family  signaling/ 
decorin  interaction;  and  (iii)  the  collagen  synthesis/ 
degradation  balance.  In  other  words,  it  showed  that 
the  PD  plaque,  as  well  as  the  Dupuytren’s  nodules, 
is  in  a  state  of  flux  that  potentially  can  be  pushed 
toward  a  decrease  in  fibrosis  by  stimulating  or 
upregulating  the  respective  endogenous  defense 
processes. 

In  addition  to  fibrogenic  cytokine  expression 
[46,47],  the  PD  tissue  has  another  feature  charac¬ 
terized  in  the  PD  cell  model — namely,  the  fact  that 
these  cells  are  potentially  tumorigenic  or  acquire 
this  trait  upon  culture.  This  was  shown  by  Mulhall 
et  al.  [9] ,  who  implanted  these  cells  into  SCID 
mice  and  found  that  subcutaneous  tumors  devel- 
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oped  in  all  animals,  whereas  none  occurred  with 
fibroblast  cultures  from  the  normal  tunica  albug¬ 
inea  or  foreskin  [48,49].  Cultures  similar  to  those 
of  the  human  PD  plaque  tissue  were  also  obtained 
from  the  rat  tunica  albuginea  and  the  PD-like 
plaque  induced  by  TGF|31,  but  they  were  not 
tested  for  tumorigenesis  [26], 

The  tumorigenic  feature  of  PD  cells  was  con¬ 
firmed  by  Vernet  et  al.  [50]  by  selection  in  soft 
agar,  a  procedure  used  to  detect  either  cancer 
cells  or  hematopoietic  stem  cells.  It  was  shown  that 
these  cultures  express  CD34  (stem  cell  marker), 
and  upon  incubation  with  TGFpi,  undergo  dif¬ 
ferentiation  into  skeletal  myofibroblasts,  smooth 
muscle  cells,  and  osteoblasts,  but  not  adipocytes. 
In  addition,  these  tunical  cells  could  paracrinely 
modulate  in  dual  cell  culture  the  differentiation  of 
a  multipotent  cell  line  into  osteoblasts  and  myofi¬ 
broblasts.  The  presence  of  stem  cells  in  the  normal 
tunica  albuginea  may  explain  the  fibrotic  and 
osteogenic  progression  of  the  PD  plaque  upon  the 
release  of  cytokines  following  microtrauma  to  the 
penis,  which  would  stimulate  this  cell  lineage 
commitment.  Since  stem  cells  can  replicate  indefi¬ 
nitely,  they  may  lose  the  control  of  cell  replication 
in  certain  tissue  environments  or  by  a  long  time 
in  culture,  and  thus  become  tumorigenic,  but 
why  this  does  not  occur  in  PD  remains  to  be 
determined. 

Cells  expressing  the  stem  cell  markers  CD34 
and  Seal  were  also  found  in  vivo  in  the  normal 
penile  tunica  albuginea,  as  well  as  in  the  corpora 
cavernosa  [51].  They  were  identified  as  potential 
endogenous  stem  cells,  since  they  are  likely  the 
ones  that,  in  the  in  vitro  models,  undergo  multiple 
lineage  differentiation,  and  in  the  PD  plaque,  may 
convert  first  into  myofibroblasts,  and,  later,  into 
osteoblasts.  These  stem  cells  may  also  provide  a 
target  for  pharmacological  therapy  of  PD  aimed  to 
block  their  role  as  sources  for  the  de  novo  forma¬ 
tion  of  the  differentiated  cells  (myofibroblasts, 
osteoblasts)  that  cause  fibrosis  and  ectopic  ossifica¬ 
tion.  In  fact,  the  fibrotic  commitment  of  these 
multipotent  cells  may  possibly  be  inhibited  by 
long-term  continuous  administration  of  PDE5 
inhibitors  in  vivo,  as  discussed  above.  This  cell 
culture  model  actually  showed  that  a  similar  long¬ 
term  treatment  in  vitro  (with  the  PDE5  inhibitor, 
tadalafil)  did  not  upregulate  PDE5,  thus  reducing 
the  possibility  that  tachyphylaxis  would  be  an 
impediment  for  their  potential  daily  use  for  long 
periods  of  time  to  reverse  fibrosis  [52]. 


It  has  recently  been  shown  that  TGF(3 1  induces 
the  Smad  pathway,  the  common  signaling  for  the 
profibrotic  effects  of  TGFP  family  members. 
Interferon  gamma,  which  has  been  used  clinically 
to  treat  PD,  did  not  by  itself  abrogate  the  Smad 
pathway,  but  when  given  together  with  TGF[31 , 
the  Smad  signaling  was  stimulated.  The  authors 
concluded  that  interferon  gamma  may  not  be 
useful  for  PD  treatment  [53].  However,  this  inter¬ 
pretation  must  be  taken  with  caution,  since  the 
authors  did  not  address  the  possibility  of  inter¬ 
feron  gamma  stimulating  antifibrotic  pathways, 
like  the  effect  that  would  stem  from  its  well-known 
iNOS  induction  activity. 

A  recent  article  using  tunical  fibroblast  cultures 
[54]  has  served  to  emphasize  the  role  that  TGFP 
has  in  strongly  inducing  tissue  inhibitors  of  met- 
alloproteinases  (TIMPs),  well-known  inhibitors 
of  MMP,  without  affecting  MMPs  themselves, 
and  hence  in  interfering  with  the  breakdown  of 
collagen  fibers  deposited  in  excess  during  the 
development  of  the  PD  plaque.  In  contrast, 
interleukin- 1 P  strongly  induces  MMP  1,3,  10,  and 
1 3  expression.  These  findings  may  help  to  explain 
why  the  overexpression  of  MMP  2  and  9  mRNAs 
previously  detected  in  the  PD  plaque  [45]  and 
assumed  to  be  an  endogenous  defense  mechanism 
against  fibrosis,  does  not  translate  into  an  intensi¬ 
fied  collagenase  activity.  TIMPs  induced  by  TGFP 
and  other  profibrotic  factors  may  counteract  this 
defense  mechanism. 

The  latter  article  also  brings  to  the  forefront 
the  MMP/TIMP/PAI-1  system,  an  interplay  of 
collagenolytic  and  fibrinolytic  pathways  and  their 
inhibitors,  which  seems  to  be  deeply  altered  in  PD, 
and  the  need  to  reexamine  the  potential  value 
of  specific  MMP  administration  for  the  therapy  of 
PD,  or  the  pharmacological  modulation  of  key 
factors  in  this  interaction.  The  inhibition  of  the 
fibrinolytic  system  by  high  PAI-1  levels  [55]  may 
contribute  to  the  persistence  of  fibrin,  already 
shown  to  cause  a  PD-like  plaque  in  the  animal 
model  [11],  elicit  TGFpi,  and  increase  collagen. 
Normal  collagen  content  cannot  then  be  main¬ 
tained  through  its  breakdown  by  MMP,  because 
A1MP  activity  would  be  reduced  by  high  levels  of 
TIMPs. 

Conclusions 

The  development  of  the  first  animal  model  of  PD 
based  on  TGFpi  injection  into  the  tunica  albug- 
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inea,  and  the  further  characterization  of  the  PD  cell 
cultures,  initiated  a  decade  of  significant  contribu¬ 
tions  to  the  knowledge  of  the  molecular  and  cellular 
pathology  of  PD.  In  a  way,  these  models  had  an 
impact  on  PD  research  similar  to  the  one  exerted  by 
animal  models  of  erectile  dysfunction  on  the  eluci¬ 
dation  of  the  basic  pathophysiological  mechanisms 
underlying  this  disorder  [56].  Collectively,  they 
helped  to:  (i)  to  clarify  the  role  of  microtrauma, 
cytokines,  myofibroblasts,  and  oxidative  stress  in 
plaque  initiation  and  progression;  (ii)  to  demon¬ 
strate  that  this  tissue  is  under  sustained  turnover 
as  a  result  of  sustained  fibrotic  and  antifibrotic 
mechanisms;  (iii)  to  emphasize  the  interplay  of  the 
collagenolytic  and  fibrinolytic  systems  and  their 
inhibitors  in  this  turnover;  (iv)  to  show  that  one 
endogenous  antifibrotic  process  is  the  expression 
of  iNOS,  which  results  in  nitric  oxide  and  cGMP 
formation  in  order  to  inhibit  oxidative  stress, 
collagen  synthesis,  and  myofibroblast  generation; 
(v)  to  characterize  the  antifibrotic  effects  of  PDE5 
inhibitors  given  on  a  long  term  basis  in  order  to 
mimic  the  endogenous  process;  (vi)  the  discovery 
of  the  cytogenetic  instability  of  the  PD  cells  and 
alterations  in  their  gene  expression;  and  (vii)  the 
finding  of  stem  cells  in  the  tunica  albuginea  with  a 
potential  role  in  fibrosis  and  ossification. 

In  synthesis,  the  two  experimental  rat  models 
share  some  of  the  histological  features  that  were 
defined  in  the  human  PD  plaque  (e.g.,  [23]), 
such  as  initial  inflammation  and  subsequent  ex¬ 
cessive  deposition  and  disorganization  of  collagen 
fibers,  elastin  fragmentation,  accumulation  of 
myofibroblasts  and  profibrotic  factors  (oxidative 
stress,  PAI-1,  TGF  (31,  and  fibrin),  and  of  potential 
antifibrotic  factors  (iNOS),  and  eventual  calcifica¬ 
tion  and  ossification.  However,  as  it  occurs  with 
most  animal  models,  they  cannot  truly  represent 
the  complexity  of  the  human  disease.  Perhaps  a 
major  concern  is  that,  sometimes,  tunical  fibrosis  is 
accompanied  by  a  similar  process  in  the  adjacent 
corporal  tissue,  although  this  likely  results  from  the 
technical  difficulty  of  limiting  the  injection  exclu¬ 
sively  to  the  tunical  tissue.  Further  work  may  be 
needed  in  larger  animals  to  reduce  this  risk.  Simi¬ 
larly,  although  cell  cultures  from  the  human  plaque 
and  normal  tunica  contain  the  myofibroblasts, 
fibroblasts,  and  stem  cells  that  in  vivo  participate  in 
the  fibrotic  process,  they  cannot  mimic  the  inter¬ 
play  of  paracrine  and  juxtacrine  factors  that  operate 
in  vivo,  including  the  cross-talk  with  corporal 
cells. 


Table  1  Novel  pharmacological  strategies  for  Peyronie's 
disease 


Basic  premise:  shift  tissue  turnover  to: 

•  Predominance  of  collagen  breakdown  over  synthesis 

•  Predominance  of  myofibroblast  apoptosis  over  proliferation 

•  Switch  off  myofibroblast  and  osteoblast  differentation  from  stem 
cells 


However,  even  with  the  limitations  intrinsic 
to  experimental  vs.  clinical  research,  these  models 
may  be  improved  and  even  used  in  combination 
to  develop  novel  long-term  pharmacological 
approaches  to  reduce  the  PD  plaque.  Just  to  name 
a  few  strategies,  the  inhibition  of  myofibroblast 
differentiation  from  endogenous  stem  cells,  the 
stimulation  of  myofibroblast  apoptosis,  the  re¬ 
duction  of  collagen  cross-linking,  the  induction  of 
selective  MMPs  in  conjunction  with  anti  PAI-1 
agents,  or  the  combination  of  PDE5  inhibitors 
with  anti-inflammatory  agents  (Tables  1  and  2), 
are  potentially  approachable  in  both  the  animal 
and  cell  models.  They  may  well  serve  to  extrapo¬ 
late  to  PD  some  promising  experimental  studies 
on  the  molecular  pathology  of  tissue  fibrosis  in 
general  aimed  to  counteract  this  process  in  such 
organs  as  the  liver,  kidney,  lung,  or  skin,  where 
there  is  ongoing  intense  research  activity. 

Even  if  PD  is  not  a  life-threatening  situation, 
the  combination  of  its  relatively  high  prevalence 

Table 2  Promising  pharmacological  targets  for 
Peyronie's  disease 

Excessive  collagen  deposition 

•  NO  donors  and  PDE5  inhibitors  (increase  NO/cGMP,  inhibit 
collagen  synthesis). 

•  Decorin/follistatin  (counteractTGF(/myostatin). 

•  Smad  7  and  related  (counteract  downstream  Smad  pathway  for 
TGF(  family). 

•  p-thymosins  (reduce  collagen  synthesis;  promote  healing). 

•  Pirfenidone  and  other  antifibrotic  agents  (anti-inflammatory, 
reduce  cytokines  and  oxidative  stress). 

•  Antioxidants  (reduce  ROS  and  oxidative  stress). 

•  MMP/anti-TIMP  (increase  collagen  degradation). 

•  Endogenous  MMP  upregulation,  activation  (increase  collagen 
degradation). 

•  Collagen  cross-link  breakers,  Alt  711  and  similar  (facilitate 
collagen  degradation) 

Myofibroblast  accumulation 

•  NO  donors  and  PDE5  inhibitors  (reduce  fibroblast/stem  cell 
differentiation,  increase  apoptosis). 

•  New  agents  targeting  stem  cell  commitment  to  myofibroblast 
formation  or  syntetic  phenotypic  switch. 

NO  =  nitric  oxide;  P  DE  5  =  phosphodiesterase  type  5;  cGMP=cyclic 
guanosine  monophosphate;  TGF(1  =  transforming  growth  factor  (1; 
ROS  =  reactive  oxygen  species;  MMP  =  metalloproteinase;  TIMP=tissue 
inhibitor  of  metalloproteinases. 
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and  its  impact  on  quality  of  life  and  public  health 
costs,  should  be  a  call  of  attention  for  sponsoring 
more  basic  research,  particularly  considering 
the  applicability  of  these  experimental  models  to 
the  elucidation  of  important  issues  in  the  general 
mechanisms  of  fibrotic  and  antifibrotic  processes 
in  a  variety  of  diseases. 
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1.  PR064756  (PI:  Gonzalez-Cadavid)  03/01/07-02/28/10  Department  of  Defense 

Pharmacological  prevention  and  reversion  of  erectile  dysfunction  after  radical  prostatectomy,  by  modulation  of 
nitric  oxide/cGMP  pathways 

The  goal  is  to  determine  whether  long-term  treatment  with  PDE5  inhibitors  and  nitric  oxide  donors  can  prevent 
corporal  veno-occlusive  dysfunction  in  a  rat  model  of  erectile  dysfunction  after  radical  prostatectomy,  and 
whether  this  is  due  to  an  improvement  in  the  underlying  penile  corporal  fibrosis  and  loss  of  smooth  muscle 
No  overlap 
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Modulation  of  stem  cell  differentiation  and  myostatin  as  an  approach  to  counteract  fibrosis  in  dystrophic  muscle 
regeneration  after  injury. 

The  goal  is  to  determine  whether  skeletal  muscle  derived  stem  cells  (MDSC)  can  ameliorate  skeletal  muscle 
atrophy  and  fibrosis  in  a  mouse  model  of  Duchenne’s  muscular  dystrophy,  and  this  is  stimulated  by  ex  vivo 
gene  transfer  of  myostatin  shRNA  to  stem  cells,  and/or  treatment  with  agents  that  inhibit  myostatin  activity 
No  overlap 

3.  NIH  R21 DK070003  (Gonzalez-Cadavid)  10/01/07-09/30/09  NIH  NIDDK 
Cell-selective  expression  of  fibrotic  gene  pathways 

The  goal  is  to  compare  the  patterns  of  gene  expression  related  to  fibrotic  phenotypes  in  smooth  muscle  and 
fibroblasts  in  the  corpora  cavernosa  in  rat  models  of  reproductive  aging  and  Peyronie’s  disease,  and  the 
relationship  between  stem  cells,  smooth  muscle  cells,  and  fibroblasts,  in  myofibroblast  generation  in  fibrosis. 

No  overlap 

4.  GCRC  Medical  Student  Program  (Gonzalez-Cadavid,  PI,  Wang  J,  student)  12/01/07-05/31/09  NIH-GCRC 
Nitric  oxide/cGMP  modulation  of  skeletal  muscle  stem  cell  differentiation  in  myocardial  infarction  in  the  rat 

The  goal  is  to  compare  the  antifibrotic  and  tissue  repair  effects  of  a  long-term  continuous  treatment  with  low 
and  high  doses  of  a  PDE5  inhibitor  with  or  without  concurrent  treatment  with  skeletal  muscle  derived  stem  cells 
and  determine  whether  this  pharmacological  intervention  modulates  endogenous  and  exogenous  stem  cell 
differentiation  into  cardiomyocytes 
No  overlap 

Research  Support  (currently  submitted) 

1.  ROI  DK5306907  (PI:  Gonzalez-Cadavid),  05/01/03-04/30/08  NIH/NIDDK.  Renewal  submitted:  03/05/09 
Erectile  Dysfunction  and  Nitric  Oxide  Synthase  in  Aging 

The  goal  is  to  apply  novel  procedures  of  gene  and  stem  cell  therapy  for  the  treatment  of  aging-related  erectile 
dysfunction,  based  on  the  modulation  of  the  nitric  oxide/cGMP  pathway  in  the  corpora  cavernosa  in  a  rat  model 
of  reproductive  aging,  and  whether  this  restores  nitrergic  neurotransmission  and/or  corporal  smooth  muscle 
No  overlap 

2.  R21  DK  (PI:  Gonzalez-Cadavid),  12/01/09-11/30/11  NIH/NIDDK.  Submitted:  02/17/09 

PPAR  gamma  modulation  of  Oct  4  kidney  stem  cells  in  diabetic  nephropathy 

The  goal  is  to  determine  whether  cells  that  express  the  embryonic  stem  cell  gene  Oct-4  in  the  adult  kidney  and 
that  are  visualized  by  green  fluorescence  in  a  transgenic  mouse  that  expresses  gfp  under  the  Oct-4  promoter, 
are  true  stem  cells  that  intervene  in  renal  repair  and  that  PPARy  agonists  at  doses  that  do  not  exert  glycemic 
control,  can  still  counteract  the  reduction  of  their  number  and  differentiation  ability  caused  by  diabetes 
No  overlap 
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C.  Active  and  Completed  Funding 

R01  DK53069  05/03-04/08 

NIH/NIDDK 

Erectile  Dysfunction  and  Nitric  Oxide  Synthase  in  Aging 

To  apply  novel  procedures  of  gene  and  stem  cell  therapy  for  the  treatment  of  aging  related  erectile 
dysfunction  based  on  modulation  of  the  NO/cGMP  pathway  in  the  corporal  tissue  of  the  rat. 

Role:  Co-1  3%  (non  compensated) 

N737500/53-51 28-4380  01/05-12/07 

Los  Angeles  County/Lance  Armstrong  Foundation 

Los  Angeles  County  Germ  Cell  Tumor  &  Tissue  Bank  Resources  at  USC 

To  develop  a  tissue  bank  of  testis  tumors  in  Los  Angeles  County  for  future  use  by  scientific  investigators. 
Role:  PI  2%  (non  compensated) 

R21  DK070003  07/07-06/09 

NIH/NIDDK 

Cell-Selective  Expression  of  Fibrotic  Gene  Pathways 

To  compare  the  patterns  of  gene  expression  related  to  fibrosis  in  the  smooth  muscle  and  fibroblasts  of  the 
corpora  cavernosa  and  tunica  albuginea,  respectively,  of  the  penis  and  to  determine  the  relationship 
between  stem  cells,  smooth  muscle  cells  and  fibroblasts  in  the  generation  of  myofibroblasts  in  fibrosis. 

Role:  Co-1  3%  (non  compensated) 

American  Diabetes  Association  08/05-07/08 

Erectile  dysfunction  and  vascular  fibrosis  in  diabetes 

To  evaluate  the  role  of  NO/cGMP  in  preventing  the  fibrosis  of  the  corporal  tissue  and  the  media  of  the 
arterial  wall  in  diabetes  mellitus. 

Role:  Co-1  2%  (non  compensated) 

PR  064756  03/07-02/10 

Department  of  Defense 

Pharmacological  prevention  and  reversion  of  erectile  dysfunction  after  radical  prostatectomy  by 
modulation  of  the  NO/cGMP  pathways. 

To  evaluate  the  role  of  NO  and  cGMP  in  preventing  cellular  apotosis  and  fibrosis  in  the  corporal  tissue 
following  cavernosal  nerve  damage. 

Role:  Co-1  5%  (non-compensated) 
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FIELD  OF  STUDY 


INSTITUTION  AND  LOCATION 

DEGREE 

(if  applicable) 

YEAR(s) 

University  of  Szeged  (former  Jozsef  A.  University 
of  Art  and  Sciences),  Szeged,  Hungary 

M.Sc. 

1985 

Budapest  University  of  Technology,  Institute  of 
Continuing  Engineering  Education,  Budapest, 

CNRT 

1987 

Hungary 

University  of  Szeged  (former  Jozsef  A.  University 
of  Art  and  Sciences),  Szeged,  Hungary 

Ph.D 

1994 

Biological  Research  Center  of  The  Hungarian 
Academy  of  Sciences,  Szeged,  Hungary 

1999-2000 

Research  &  Education  Institute  at  Harbor-UCLA 
Medical  Center,  Torrance,  CA,  USA 

2004 

LABioMed  Research  Institute  at  Harbor-UCLA 
Medical  Center,  Torrance,  CA,  USA 

2004 

1994  Comparative  Physiology 


Genomics,  IT, 
Bioinformatics 

Training  course  on 
Protected  Health 
Information 
Training  course  on 
Protecting  Study 
Volunteers  in  Research 


A.  Positions  and  Honors 

1985-1987  Research  Fellow,  Institute  of  Genetics,  Biological  Research  Center  of  the  Hungarian  Academy  of 
Sciences,  Szeged,  Hungary 

1987-1991  Research  Scientist,  Blood  Transfusion  Center,  Szent-Gyorgyi  Albert  Medical  University,  Szeged, 
Hungary 

1991-1992  Volunteer  Researcher,  Department  of  Neurology,  Mount  Sinai  Medical  Center,  CUNY,  New  York, 
NY,  USA 

1993-1999  Senior  Research  Scientist,  Head  of  the  Vivarium,  Department  of  Pharmacology  and 
Pharmacotherapy,  Szent-Gyorgyi  Albert  Medical  University,  Szeged,  Hungary 

1 999- 2001  Biologist  Chief  Counselor,  Institute  of  Genetics,  Biological  Research  Center  of  the  Hungarian 

Academy  of  Sciences,  Szeged,  Hungary 

2000- 2001  Member  of  the  Computer  Software  Council  of  the  Hungarian  Academy  of  Sciences 
2004-on  Research  Associate,  Urology  Research  Laboratory,  Department  of  Surgery,  Los  Angeles 

Biomedical  Research  Institute  at  Harbor-UCLA,  Torrance,  CA,  USA 
2008-on  Assistant  Professor,  Dept  Urology,  UCLA  David  Geffen  School  Medicine,  Los  Angeles,  CA 

B.  Selected  publications 

Original  research  and  theoretical  treatises 

1.  Bodis-Wollner  I,  Antal  A,  Kovanecz  I.  (1993)  Low-dose  scopolamine  and  acetyl-levo-carnitine 
dissociate  primary  from  cognitive  visual  processing  in  the  trained  monkey.  Invest  Ophth  Vis  Sci  34(4): 
1174. 

2.  Antal  A.,  Kovanecz  I,  Bodis-Wollner  I.  (1994)  Visual  discrimination  and  P300  are  affected  paralell  by 
cholinergic  agents  in  the  behaving  monkey.  Physiol  Behav.  56(1)  161-66. 


3.  Tagliati  M.,  Bodis-Wollner  I.,  Kovanecz  I,  Stanzione  P.  (1994)  Spatial  frequency  tuning  in  the  monkey 
retina  depends  on  D2  receptor-linked  action  of  dopamine.  Vision  Research  34(16):22051-57. 

4.  Kovanecz  I,  Csajbok  E.,  Petri  I.B.  (1994)  In  vitro  steroid  sensitivity  in  chronic  uremic  and  kidney 
transplant  patients:  HLA  -  associated  susceptibility  to  steroid  treatment.  Nephrology  Dialysis 
Transplantation  9(10):  1474-76. 

5.  Kovanecz  I,  Petri  I.B.,  Kaiser  G.  (1995)  HLA  associated  lymphocyte  panel  reactive  (cytotoxic)  antibody 
production  in  dialyzed  chronic  uremic  patients.  Acta  Microbiologica  Hungarica  42(1):  81-84. 

6.  Kovanecz  I,  Papp  JG,  Szekeres  L.  (1997)  Increased  cardiac  workload  by  adrenoreceptor  agonists  for 
the  estimation  of  potential  antiischemic  activity  in  a  conscious  rabbit  model.  J  Pharmacol  Toxicol 
Methods  37 (3):  1 49-59. 

7.  Szekeres  L,  Kovanecz  I,  Papp  JG.  (1997)  Delayed  cardiac  adaptation  to  stress  moderates  response 
to  beta-adrenoceptor  agonists.  J  Mol  Cell  Cardiol  29(5):  A134. 

8.  Kovanecz  I,  Abraham  A,  Makay  G,  Lukacs  E,  Szekeres  L,  Papp  JGy.  (1997)  Delayed  cardiac 
adaptation  to  ischaemic  stress  -  limitation  of  infarct  size  in  a  rabbit  model  of  ischaemia-reperfusion  by 
a  single  dose  of  iloprost.  1997  .  J  Mol  Cell  Cardiol  29(5):  A89. 

9.  Takase  H,  Kovanecz  I,  Mori  T.  et  al.  (2003)  Acute  and  anti-ischemic  actions  of  pranipidine  in  three 
animal  models.  Asia  Pacific  Journal  of  Pharmacology  1 6(1 ):  29-37. 

10.  Davila  HH,  Miranda-Sousa  AJ,  Kovanecz  I,  et  al.  Effect  of  bilateral  cavernosal  nerve  resection  on  the 
histological  alteration  in  the  penile  vascular  system.  J  Urol  2005;  173(4S):  288. 

1 1 .  Ferrini  MG,  Kovanecz  I,  Nolazco  G,  Rajfer  J,  Gonzalez-Cadavid  NF.  (2006)  Effects  of  long-term 
vardenafil  treatment  on  the  development  of  fibrotic  plaques  in  a  rat  model  of  Peyronie's  disease.  BJU 
Int.  97(3):625-33. 

12.  Kovanecz  I,  Ferrini  MG,  Vernet  D,  Nolazco  G,  Rajfer  J,  Gonzalez-Cadavid  NF.  (2006)  Pioglitazone 
prevents  corporal  veno-occlusive  dysfunction  (CVOD)  in  a  rat  model  of  type  2  diabetes  mellitus.  BJU 
Int.  98:116-24 

13.  Ferrini  MG,  Davila  HH,  Kovanecz  I,  Sanchez  SP,  Gonzalez-Cadavid  NF,  Rajfer  J.  Vardenafil  prevents 
fibrosis  and  loss  of  corporal  smooth  muscle  that  occurs  after  bilateral  cavernosal  nerve  resection  in  the 
rat.  Urology  2006;  68:429-35 

14.  Ferrini  MG,  Kovanecz  I,  Sanchez  S,  Vernet  D,  Davila  HH,  Rajfer  JA,  Gonzalez-Cadavid  NF.  (2007) 
Long-term  continuous  treatment  with  sildenafil  ameliorates  aging-related  erectile  dysfunction  and  the 
underlying  corporal  fibrosis  in  the  rat.  Biol  Reprod.  76(5):915-23. 

15.  Magee  TR,  Kovanecz  I,  Davila  HH,  Ferrini  MG,  Cantini  L,  Vernet  D,  Zuniga  FI,  Rajfer  J,  Gonzalez- 
Cadavid  NF.  (2007)  Antisense  and  short  hairpin  RNA  (shRNA)  constructs  targeting  PIN  (Protein 
linhibitor  of  NOS)  ameliorate  aging-related  erectile  dysfunction  in  the  rat.  J  Sex  Med  4(3):633-43. 

16.  Kovanecz  I,  Ferrini  MG,  Vernet  D,  Nolazco  G,  Rajfer  J,  Gonzalez-Cadavid  NF.  (2007)  Aging-related 
copora  veno-occlusive  dysfunction  in  the  rat  is  ameliorated  by  pioglitazone.  BJU  Int  100(4):867-74. 

17.  Kovanecz  I,  Rambhatla  A,  Ferrini  MG,  Rajfer  J,  Gonzalez-Cadavid  NF.  (2007)  Long  term  sildenafil 
treatment  ameliorates  corpora  veno-occlusive  dysfunction  (CVOD)  induced  by  cavernosal  nerve 
resection  in  rats.  Int  J  Impot  Res  Sep  20;  [Epub  ahead  of  print] 

18.  Kovanecz  I,  Rambhatla  A,  Ferrini  MG,  Rajfer  J,  Gonzalez-Cadavid  NF.  (2008)  Chronic  daily  tadalafil 
prevents  the  corporal  fibrosis  and  veno-occlusive  dysfunction  that  occurs  after  cavernosal  nerve 
resection.  BJU  Int.  101  (2):203-10. 

19.  Nolazco  D,  Kovanecz  I,  Vernet  D,  Ferrini  MG,  Gelfand  B,  Tsao  J,  Mage  T,  Rajfer  J,  Gonzalez-Cadavid 
NF.  (2008)  Effect  of  muscle  derived  stem  cells  on  the  restoration  of  corpora  cavernosa  smooth  muscle 
and  erectile  function  in  the  aged  rat.  BJU  Int  Feb  21 ;  [Epub  ahead  of  print] 

20.  Kovanecz  I,  Nolazco  G,  Ferrini  MG,  Toblli  JE,  Heydarkhan  S,  Vernet  D,  Rajfer  J,  Gonzalez- 
Cadavid  NF.  Early  onset  of  fibrosis  within  the  arterial  media  in  a  rat  model  of  type  2  diabetes 
mellitus  with  erectile  dysfunction.  BJU  Int.  2009  Jan  9.  [Epub  ahead  of  print] 

21.  Ferrini  MG,  Kovanecz  I,  Sanchez  S,  Umeh  C,  Rajfer  J,  Gonzalez-Cadavid  NF.  Fibrosis  and 
Loss  of  Smooth  Muscle  in  the  Corpora  Cavernosa  Precede  Corporal  Veno-Occlusive  Dysfunction 
(CVOD)  Induced  by  Experimental  Cavernosal  Nerve  Damage  in  the  Rat.  J  Sex  Med.  2008  Dec  2. 
[Epub  ahead  of  print] 


Non-experimental  articles 

1.  Rambhatla  A,  Kovanecz  I,  Ferrini  M,  Gonzalez-Cadavid  NF,  Rajfer  J.  (2008)  Rationale  For  PDE5 
Inhibitor  Use  Post  Prostatectomy.  Int  J  Impot  Res  20(1  ):30-34.  [Epub  2007  Aug  2.] 

C.  Active  and  Completed  Funding. 
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DEGREE 

(if  applicable) 

YEAR(s) 
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Central  Univ  of  Venezuela,  Caracas,  Venezuela 

Biologist 

1976 

Cellular  Biology 

Venezuelan  Institute  Scientific  Res,  Venezuela 

M.Sc. 

1983 

Immunology 

Central  Univ  of  Venezuela,  Caracas,  Venezuela 

Ph.D. 

1993 

Cellular  Biology 

A.  Postitions  and  Honors 


1976-83  Biologist,  Institute  of  Legal  Medicine,  Caracas,  Venezuela 
1980-81  Visiting  Scientist,  University  of  Compiegne,  Compiegne,  France 

1983-84  Biologist,  Amazonic  Center  of  Research  of  Tropical  Diseases,  Caracas,  Venezuelas  Instructor 
Professor,  Dept  Biochem,  Fac  Medicine,  Central  Univ  Venezuela,  Caracas,  Venezuela. 

1991  Research  Associate,  Dept  Surgery,  Harbor-UCLA  Medical  Center,  Torrance,  California 

1992  Assoc  Professor,  Dept  Pathophysiol,  Fac. Medicine,  Central  Univ  Venezuela,  Caracas,  Venezuela. 
1993-on  Research  Associate,  Dept  Surgery,  LABiomed  at  Harbor-UCLA  Med  Center,  Torrance,  CA 
2004-on  Research  Associate  (part  time),  NIH  RCMI  Program,  Charles  Drew  University,  Los  Angeles,  CA 


B.  Publications 


1 .  San  Bias  G,  D  Vernet  (1 975)  Induction  of  the  synthesis  of  the  cell  wall  a-1 ,3-glucan  in  the  yeast-like  form 
of  Paracoccidioides  brasiliensis  strain  I  VIC  Pb9  by  fetal  calf  serum.  Infect  &  Immun  15:897-902. 

2.  Gonzalez-Cadavid  NF,  D  Vernet,  A  Fuentes,  JA  Rodriguez,  RS  Swerloff,  J  Rajfer  (1993)  Up-regulation 
of  levels  of  androgen  receptor  and  its  mRNA  by  androgens  in  smooth-muscle  cells  from  rat 
penis.  Molec  Cell  Endocrinol  90:219-229 

3.  Garban  H,  D  Vernet,  A  Freedman,  J  Rajfer,  NF  Gonzalez-Cadavid  (1995)  Effect  of  aging  on  nitric 
oxide-mediated  penile  erection  in  rats.  Am  J  Physiol  268:  (Heart  Circ  Physiol)  H467-H475 

4.  Hung  A,  D  Vernet,  Y  Xie,  T  Rajavashisth,  JA  Rodriguez,  J  Rajfer,  NF  Gonzalez-Cadavid  (1995) 
Expression  of  the  inducible  nitric  oxide  synthase  in  smooth  muscle  cells  from  the  rat  penile 
corpora  cavernosa.  J  Androl  16:469-481 

5.  Vernet  D,  L  Cai,  H  Garban,  ML  Babbit,  F  Murray,  J  Rajfer,  NF  Gonzalez-Cadavid  (1995)  Reduction  of 
penile  nitric  oxide  synthase  in  diabetic  BB/WORdp  (Type  I)  rats  with  erectile  dysfunction. 
Endocrinology  136:5709-5717. 

6.  Garban  H,  D  Marquez,  T  Magee,  J  Moody,  T  Rajavashisht,  JA  Rodriguez,  A  Hung,  D  Vernet,  J  Rajfer, 

NF  Gonzalez-Cadavid  (1997)  Cloning  of  rat  and  human  inducible  nitric  oxide  synthase.  Application 
for  gene  therapy  of  erectile  dysfunction.  Biol  Reproduct  56,  954  -963. 

7.  Moody  J,  Vernet  D,  S  Laidlaw,  J  Rajfer,  NF  Gonzalez-Cadavid  (1997)  Effects  of  long-term 
administration  of  L-arginine  on  the  rat  erectile  response.  J  Urol  158,  942-947 

8.  Vernet  D,  Bonavera  JJ,  Swerloff  R,  Gonzalez-Cadavid  NF,  Wang  C.  (1998)  Spontaneous  expression  of 
inducible  nitric  oxide  synthase  (iNOS)  in  the  hypothalamus  and  other  brain  regions  of  aging  rats. 
Endocrinology,  139(7):  3254-3261 


9.  Gonzalez-Cadavid  NF,  Burnett  AL,  Magee  T,  Zeller  CB,  Vernet  D,  Gitter  J,  Smith  N,  Rajfer  J  (2000) 
Expression  of  penile  neuronal  nitric  oxide  synthase  variants  in  the  rat  and  mouse  penile  nerves.  Biol 
Reprod.  63:704-714 

10.  Gonzalez-Cadavid  NF,  Ryndin  I,  Vernet  D,  Magee  TR,  Rajfer  J  (2000)  Presence  of  NMDA  receptor 
subunits  in  the  male  lower  urogenital  tract.  J  Androl  21:566-578 

1 1 .  Ferrini  M,  Magee  TR,  Vernet  D,  Rajfer  J,  Gonzalez-Cadavid  NF  (2001 )  Aging-related  expression  of 
inducible  nitric  oxide  synthase  (iNOS)  and  markers  of  tissue  damage  in  the  rat  penis.  Biol  Reprod, 
64:974-982 

12.  Wang  C,  Sinha  Hikim  A,  Ferrini  M,  Bonavera  JJ,  Vernet  D,  Leung  A,  Lue-YH,  Gonzalez-Cadavid  NF, 
Swerdloff  RS  (2002)  Male  reproductive  aging:  using  the  Brown  Norway  rat  as  a  model  for  man.  In: 
“Endocrine  facets  of  aging  in  the  human  and  experimental  animal”  Novartis  Found  Symp  242:82-95 

13.  Ferrini  MG,  Vernet  D,  Magee  TR,  Shahed  A,  Quian  A,  Rajfer  J,  Gonzalez-Cadavid  NF  (2002)  Antifibrotic 
role  of  inducible  nitric  oxide  synthase  (iNOS).  Nitric  Oxide  6:1-12 

14.  Gonzalez-Cadavid  NF,  Magee  TR,  Ferrini  M,  Qian  A,  Vernet  D,  Rajfer  J  (2002)  Gene  expression  in 
Peyronie’s  disease.  Int  J  Impot  Res.  14:361-374. 

15.  Magee  TR,  Ferrini  M,  Garban  H,  Vernet  D,  Mitani  K,  Rajfer  J,  Gonzalez-Cadavid  NF  (2002)  Gene 
therapy  of  erectile  dysfunction  in  the  rat  with  penile  neuronal  nitric  oxide  synthase  cDNA.  Biol  Reprod, 
67:1033-1041. 

16.  Vernet  D,  Ferrini  MG,  Valente  E,  Magee  TR,  Bou-Gharios  G,  Rajfer  J,  Gonzalez-Cadavid  NF  (2002) 
Effect  of  nitric  oxide  on  fibroblast  differentiation  into  myofibroblasts  in  cell  cultures  from  the  Peyronie’s 
fibrotic  plaque  and  in  its  rat  model  in  vivo.  Nitric  Oxide  7:262-276. 

17.  Ferrini  MG,  Magee  TR,  Vernet  D,  Rajfer  J,  Gonzalez-Cadavid  NF  (2003)  Penile  neuronal  nitric  oxide 
synthase  (PnNOS)  and  its  regulatory  proteins  are  present  in  hypothalamic  and  spinal  cord  regions 
involved  in  the  control  of  penile  erection.  J  Compar  Neurol  458:46-61 

18.  Magee  TR,  Ferrini  MG,  Davila  HH,  Zeller  CB,  Vernet  D,  Sun  J,  Lalani  R,  Burnett  AL,  Rajfer  J,  Gonzalez- 
Cadavid  NF.  (2003)  Protein  inhibitor  of  nitric  oxide  synthase  (NOS)  and  the  N-methyl-D-aspartate 
receptor  are  expressed  in  the  rat  and  mouse  penile  nerves  and  colocalize  with  penile  neuronal  NOS.  Biol 
Reprod  68:478-488. 

19.  Valente  EG,  Vernet  D,  Ferrini  MG,  Qian  A,  Rajfer  J,  Gonzalez-Cadavid  NF  (2003)  L-arginine  and  (PDE) 
inhibitors  counteract  fibrosis  in  the  Peyronie’s  fibrotic  plaque  and  related  fibroblast  cultures.  Nitric  Oxide. 
9:229-244 

20  Davila  HH,  Magee  TR,  Vernet  D,  Rajfer  J,  Gonzalez-Cadavid  NF.  (2004)  Gene  transfer  of  inducible 
nitric  oxide  synthase  cDNA  regresses  the  fibrotic  plaque  in  an  animal  model  of  Peyronie’s  disease. 
Biol  Reprod  71  (5). 90 

21.  Sinha  Hikim  AP,  Vera  Y,  Vernet  D,  Castanares  M,  Diaz-Romero  M,  Ferrini  M,  Swerdloff  RS,  Gonzalez- 
Cadavid  NF,  Wang  C.  (2005)  Involvement  of  nitric  oxide-mediated  intrinsic  pathway  signaling  in  age- 
related  increase  in  germ  cell  apoptosis  in  male  brown-norway  rats.  J  Gerontol  A  Biol  Sci  Med  Sci. 
60(6):702-8. 

22.  Vernet  D,  Qian  A,  Nolazco  G,  Cantini  L,  Magee  TR,  Ferrini  MG,  Rajfer  J,  Gonzalez-Cadavid  NF  (2005) 
Evidence  that  osteogenic  progenitor  cells  in  the  human  tunica  albuginea  may  originate  from  stem  cells. 
Implications  for  Peyronie’s  disease.  Biol  Reprod,  73:1 199-1210 

23.  Vernet  D,  Magee  TR,  Qian  A,  Nolazco  G,  Rajfer  J,  Gonzalez-Cadavid  NF.  (2006)  Phosphodiesterase 
type  5  is  not  upregulated  by  tadalafil  in  cultures  of  human  penile  cells.  J  Sexual  Medicine, 3:84-95. 

25.  Magee  TR,  Artaza  JN,  Ferrini  MG,  Vernet  D,  Zuniga  FI,  Cantini  L,  Reisz-Porszasz,  Rajfer  J,  Gonzalez- 
Cadavid,  NF.  (2006)  Myostatin  short  interfering  hairpin  RNA  gene  transfer  increases  muscle  mass.  J 
GeneJMed,  8(9):  1 171-81. 


26.  Kovanecz  I,  Ferrini  MG,  Vernet  D,  Nolazco  G,  Rajfer  J,  Gonzalez-Cadavid  NF  (2006).  Pioglitazone 
prevents  corporal  veno-occlusive  dysfunction  in  a  rat  model  of  type  2  diabetes  mellitus.  British  J  Urology, 
98(1):  11 6-1 24 

27.  Ferrini  MG,  Nolazco  G,  Vernet  D,  Gonzalez-Cadavid  NF,  Berman  J.  (2006).  Increased  vaginal  oxidative 
stress,  apoptosis,  and  inducible  nitric  oxide  synthase  in  a  diabetic  rat  model:  implications  for  vaginal 
fibrosis.  Fertil  Steril,  86  Suppl  4:1152-63;  [Epub  ahead  of  print] 

28.  Ferrini  MG,  Kovanecz  I,  Sanchez  S,  Vernet  D,  Davila  HH,  Rajfer  J,  Gonzalez-Cadavid  NF.  (2007)  Long- 
Term  Continuous  Treatment  with  Sildenafil  Ameliorates  Aging-Related  Erectile  Dysfunction  and  the 
Underlying  Corporal  Fibrosis  in  the  Rat.  Biol  Reprod  Feb  14;  [Epub  ahead  of  print] 

29.  Magee  TR,  Kovanecz  I,  Davila  H,  Ferrini  M,  Cantini  L,  Vernet  D,  Zuniga  F,  Rajfer  J,  Gonzalez-Cadavid 
NF.  (2007)  Antisense  and  short  hairpin  RNA  (shRNA)  constructs  targeting  PIN  (Protein  Inhibitor  of  NOS) 
ameliorate  aging-related  erectile  dysfunction  in  the  rat.  J  Sex  Med,  4(3):633-43 

30.  Kovanecz  I,  Rambhatla  A,  Ferrini  MG,  Vernet  D,  Sanchez  S,  Rajfer  J,  Gonzalez-Cadavid  NF  (2007)  Long 
term  sildenafil  treatment  ameliorates  corporal  veno-occlusive  dysfunction  (CVOD)  induced  by  cavernosal 
nerve  resection  in  rats.  Int  J  Impot  Res.  2007,  100(4):867-74. 

31.  Kovanecz  I,  Rambhatla  A,  Ferrini  MG,  Vernet  D,  Sanchez  S,  Rajfer  J,  Gonzalez-Cadavid  NF  (2008) 
Chronic  daily  tadalafil  prevents  the  corporal  fibrosis  and  veno-occlusive  dysfunction  (CVOD)  that  occurs 
following  cavernosal  nerve  resection  in  the  rat.  Brit  J  Urol  Int  101(2):203-10. 

32.  Nolazco  G,  Kovanecz  I,  Vernet  D,  Ferrini  M,  Gelfand  B,  Tsao  J,  Magee  T,  Rajfer  J,  Gonzalez-Cadavid  NF 
(2008)  Effect  of  muscle  derived  stem  cells  on  the  restoration  of  corpora  cavernosa  smooth  muscle  and 
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